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UNCLASSIFIED ABSTRACT

Tests were conducted at Mach numbers of 6, 8, and 10 on a representative
lifting body entry vehicle and a Mach number of 10 on a flat plate using

heated air and other gases to simulate rocket exhaust plumes. Extensive

flow separation resulting from the plumes was observed on both configu-

rations during the test program and the most powerful parameters which
affected plume induced separation included:

1. model shape

2. angle of attack

3. Reynolds number
4. nozzle expansion ratio
5. nozzle total pressure

6. nozzle gas temperature and specific heat.

The flat plate model showed much less flow separation than the delta plan-

form at similar test conditions, however, serious problems in control
effectiveness were indicated on.both models for the aft mounted elevon.

The data did not correlate well with existing semi-empirical correlations
developed for control surface induced separation and plume shape. New

semi-empirical correlations were developed for predicting plume shape in
a region of plume induced separation and for predicting the pressure

and the extent of the separated region.
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SYMBOLS

A = area ft
2

A constant in ft curve fit Equations 8 and 9

= C (Re) 25(Mr2 - 1) in Equation 31
PaAP

A, = throat area

A/A = nozzle expansion ratio

b = base span of model - ft

B = constant in curve fit Equations 8 and 9

C constant in curve fit Equation 9

Pj-pc
C pressure coefficient - 2

Pb- P
C = base pressure coefficient =2

p - P
P P

C plateau pressure coefficient =
PP *7P M2

D constant in curve fit Equation 8

D = maximu m plume diameter - ft
max

d = upstream interaction length - see Figure 192 - ft1

d = downstream interaction distance to peak pressure -2
see Figure 192 - It

d 3  downstrc -q interaction distance to pressure pise - see:

Figure 1, - ft

d = free interaction length - see Figure 192 - ft

d. = nozzle exit diameter - Table I -inches

d = nozzle throat diameter - Table I ..,. inchest

f = plume shape parameter see Equatins 1 and 151
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SYMBOLS

f = plume shape parameter - see Equations 1 and 15
2

K = constant in curve fit Equation 8

L = model length = 1.667 ft

"N = nozzle length in Table I - inches

= eparation length - see Figure 192 - ft
Si

M = Mach number

M = free stream Mach number

M = local Mach number at a point on surface accounting for local pressure -
see Equation 23

MWL = model water line measured up from rear lower surface -s inches

MBL = model butt line measured from model axis of symmetry - inches

P = pressure - PSF

P = ambient pressure - PSF

P, = pressure at a local point accounting for angle of attack .- PSF

P 0 pressure at interaction point - see Figure 192 - PSFo
I

P 0 measured freestream total pressure by flow survey probe -PSF
O

P nozzle exit total pressure - PSFOj
P = nozzle exit static pressure - PSF

P = base pressure - PSF
b

P = pressure at end of body in Equation 29 - PSF

P plateau pressure in separated region - see Figure 192 -PSF
P

Pp, = plateau pressure accounting for local slope in Equation 28 -PSF

PW pressure at a local point accounting for angle of attack and nose blunting
w~-PSF

P - measured local total pressure from flow survey probe - PSF

R = plume initial radius in Section 4.1

R = Reynolds Numbere
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SYMBOLS

-1
R/x = unit Reynolds Number - ft

R = Reynolds at a point on body accounting for local flow propertiese a

RI = unit Reynolds Number at point on body accounting for local flow

properties -ft 1

R Reynolds number based on reference conditions - see Equation 20
e

.*

R Reference condition Reynolds number at a point on body accounting
ea for local flow properties

R = Reynolds Number at interaction point based on free stream conditions
e

r local plume radius measured from centerline - ft

r nozzle exit radius - fte

r = maximum plume radius measured from centerline - ftmax

T = temperature- OR

T* = reference temperature - see Equation 21, - OR

T = ambient temperature - OR

T = free stream total temperature - ORo

T = nozzle exit total temperature - 0 R

T = nozzle exit ambient temperature - OR

T = local temperature at a point on body accounting for local
aconditions - OR

T adiabatic wall temperature - see Equation 21 - °R
aw

T = wal temperature - see Equation ?I -OR
w

TZ = local corrected total temperature by flow survey probe -°R

U = veloc ity- ft/sec

U = freestream velocity - ft/sec

X = location along body measured from L.E. or nose - ft

X = upstream interaction point measured from nose - ft0

xxii
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SYMBOLS A

X distance on plume centerline measured from nozzle exit - ft

X = location of plume maximum radius measured from nozzle , ft
max

X axial location of separated flow reattachment to plume measured fromr

end of body -inches

Y = spanwise distance on body measured from centerline - ft

Y vertical location of separated flow reattachment to plume measured from
r bottom of body -inches

z n vertical distance from centerline of nozzle to edge of body - ft

a angle of attack - DEG

'y specific heat ratio

zfree stream specific heat ratio

nozzle gas specific heat ratio

flap deflection angle in Figure 192 _. DEC

laminar boundary layer displacement thickness - see Equation 19 - ft

6T = turbulent boundary layer displacement and thickness - see
Equation 24 - ft

e lower control surface deflection - deg

p - density - slug/ft

p - free stream density - slugs/ft

-= nozzle exit angle - deg

Subscripts

* local conditions at a point

o interaction point

j nozzle exit

free stream

xxiii
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SECTION I

INTRODUCTION

(u) High altitude flight experienc. which has been obtained to the present
time, hus generally been limited to non-recoverable launch vehicles and to
the X-15 aircraft which used rocket engines to propel them out of the
atmosphere with a minimum of aerodynamic maneuvering. Flight test observa-
tion particularily on the Saturn 5 (reference i) and limited wind tunnel tests
(references 2 through '6 have indicated that the rocket plume can cause exten-
sive flow separatior on the body surface which can have significant effects
on the aerodynamic characteristics of a vehicle. This has been of small
interest in the past since the primary concern was to keep the vehicle stFble
primarily with reaction or thrust vector control, during ascent out of the atmos-
phere. However, vehicles which must be capable of sustained flight at high
altitude are now being investigated and some are at various stages of pre-
design. The vehicles include:

a) lifting re-entry vehi-les
b) recoverable launch vehicles
c) hypersonic cruise vehicles.

(u) A lifting re-entry vehicle may undertake high altitude aerodynamic maneuvers
to achieve orbital plane changes (synergetic maneuvering), to reach a desired
landing site (cross-range maneuvering), or to achieve a safe re-entry from
sub-orbital or orbital abort. The use of thrust is necessary to de-orbit
and re-orbit the vehicle after a synergetic plane change. Studies have
indicated (reference 8) that the aerocruise maneuver which uses thrust
throughout the aerodynamic turn is the best type of synergetic maneuver.
Re-entry cross-range can be extended by use of an aerocruise maneuver.
Recoverable launch vehicles may perform aerocruise maneuvers during abort
to jettison the remaining fuel by biuning with the engines or may be
required to reach a safe landing site. Thrust may also be used on
abort to correct unfavorable re-entry conditions and to avoid re-entry heating
or load constraints. Recoverable launch vehicles must have similar re-entry
and abort capability as that described for lifting re-entry vehicles and thus
must have aerocruise capability. The problems of plume effects on stability
during launch are more severe for these vehicles because of the very large
weight penalities for small errors in these vehicles. Hypersonic cruise is
only feasible at high altitude with an accompanying large plume.

(u) Thus plume-induced disturbances can no longer be ignored for vehicles which
are intended to maneuver at high altitude. The altered aerodynamic pressure
distribution which results from plume-induced flow separation could result
in significant losses in aerodynamic lift, stability, and control. Loss. of lift
could seriously reduce the performance potential of aerocruise maneuvers
while reductions in aerodynamic stability and control could have serious
effect.. on vehicle design necessar- to perform these maneuvers or to insure
safe bort capability.

I
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(u) This report documents the work accomplished under Air Force Contract
F33615-70-C-1048 "Experimental Study of EKhaust Plume Effects': The basic
objectives of this program were to obtain test data of rocket exhaust plume
effects on a typical lifting re-entry vehicle shape and on a flat plate, to
identify the most significant parameteij and to develop correlation techniques
for plume effects.

(U) The lifting body which was used in this study was the FDL-6 shape hypersonic
(L/D > 2.5) lift to drag vehicles developed by the Air Force Flight Dynamics
Laboratory and the data obtained from it should be representative for this
class of vehicle. The flat plate data was obtained to help axss the
three-dimensional effects. Little data exists for the problem of plume effects
on lifting body shapes. Therefore, this test and that of reference 9 on a
flat plate, represent exploratory tests to determine the magnitude of the
plume induced separation on lifting body shapes.

(U) The primary tests were performed at nominal Mach number of 10 with Mach effects
tests at Mach numbers of 6 and 8. The test was performed primarily at a unit
Reynolds number of 0.6 x 106 /ft with limited variations in Reynolds number to
asse LS Reynold number effects. Plume simulation was accomplished using
heated auxiliary tunnel air as a "cold gas" simulation thIrough a rocket
nozzle. The purpose of the heater is to avoid problems of air liquification,
to provide better plume simulation. Carbon dioxide and argon were also used
as test gases to determine the effect of exhaust gas specific heat on plume
induced separation.

(U) Nozzle effects were tested using three different expansion ratios, three
different exit angles, and two different nozzle sizes for a total of six
different nozzles. Nozzle location was a test parameter also with two vertical
and three axial positions tested. A limited amount of testing was also
accomplished with control deflection of a lower surface elevon on both the
flat plate and lifting body (delta planform).

(U) The data obtained consisted primarily of flat plate and delta planform lifting
body surface pressure measurements. A limited number of flow field surveys
were obtained above and behind the delta planform and limited oil-flow photo-
graphs were obtained on both the flat plate and the delta planform.

(U) ieference 10 aocuments the analytic study which preceded this experimental
program a d on which the test plans were based while reference 1J. presents
the AEDC test report of the experimental phase of this study. Reference 15
presents a very interesting analyses of plume induced separation based on the
data of reference 9 and the data presented in this report and the author
recommends it to the reader for further insight into plume induced separation.
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SECTI0 2

TEST FACILITIES

TOT FACILITIES

(U) The experim-n:tal testing of this progru.;, was accomplished in tunnels B and
C of the von Karman Facility at AEDC. These tunnels are closed circuit
bypersonic twnels which have axisymmetric contoured nozzles with 50 inch

diameter test sections. Tunnel B has Mach 6 and 8 nozzles while tunnel C
has Mach 10 axid 12 nozi oes.

(U) Tunnel B operates over a stagnation pressure range of 20 to 300 psia at

Mach 6 and 50 to 900 psia at MLach 8 with stagnation temperatures up to 1350 R.
Tunnel C operates over a stagnation pressure range of 200 to 2000 psia with
a stagnation temperature up to 1900 IR at Mach 10. Stagnation temperatures

sufficient to avoid liquefaction in the test section are obtained through
the use of a natural-gas-force combustion heater in combination with the
compressor heat of compression at Mach 6 and 8 and in combination with

electric resistance heaters at Mach 10 and 12. Each entire tunnel (throat,

nozzle, test section. and diffuser) is cooled by integral, external water
jackets. Both tunnels have identical test sections equipped with model

injection systems.

(U) Directly below each test section is a test section tank into which the model
and its support can be retracted. When the model and support are retracted,

the test section can be sealed from its tank so that the tunnel can remain
running while the tank is vented to atmospheric pressure in order that

personnel may enter the tank to make modifications to the model or its support

system. After the desired modifications are made and the tank entrance door

is closed, the tank is vented to the test section pressure, the doors between

the tank and test section are opened, and the model is injected into the air
stream to obtain the desired data. Upon completion of the data acquisi'tion,

the model is retracted and the cycle completed. The injection system is also
used for transient heat-transfer tests in which the model is cooled in the

retracted position, set at the desired attitude, and injected into the air
stream to obtain the time history of the temperatures at various locations

on the model. The minimum injection time is about two seconds and the maxinm

acceleration or deceleration is about one g.

(U) Each test section is equipped with six fused quartz windows. The two on either.
side are used for the shadowgraph or scblieren system and the two on top are

used for other photographic purposes. The viewing aree, of each window is about

17.25 in. in diameter.

(U) 128 pressures can be measured on a model in tunnel B, U12 in tunnel C, with
available transducers nd pressure switching valves.

3
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(U) Each paiir of side windows of each tunnel is equipped with a conventional
6inhle-pazz schliuren system or parallel-beam refocused shadowgraph system.
Still pictures are photographed on 70-mm film using a spark light source of
about one-microsecond duration.

() Rcfer!nce 12 presents L more complete description of theze facilities.

(u) 2.1.1 AUXILIARY AIR SUPPLY. A high-pressure air supply system is provdd
near the test section of each tunnel with a maximum pressure of 4000 psia.
This supply was throttled to approximately 1500 psia and was then passed
through aa electric heater constructed for this test. The heater was
capable of heating a I pound/sec mass flow to 1100 R. Supply pressure could
be increased to 000 psia by bypassing the heater but the gas temperature
decreased to 500 R.

(U) The mass flow through the heater was controlled remotely from the tunnel
control room by manually adjusting a valve to maintain a pre-selected value
of nozzle plenum pressure within the model. Because of the Manual operation
nozzle plenum pressure varied as much as 5% on a few runs. The temperature
control on the heater was operated manually also but no precise control was
attempted on supply -!s temperature.

(U) Both Argon and Carbon dioxide were also used as test gases during the test.
These gases were supplied from a number of small tanks which were manifolded.
together and the tanks were irmersed in a tank of heated water. The pre-
heating of the test tas was used to prevent liquefaction of the gas in the
electric heater and to maintain the desired supply pressure into the heater.
The capacity of this system was small and only limited tests were accomplished
with the smallest nozzle to minimize mass flow.

2.2 MODFL DESCRIPTION

(U) The two basic configurations which were tested included a flat plate model
and a delta planform lifting body configuration which is similar in shape
to the FDL6 configuration. The model was designed and fabricated so that the
flat plate could be mounted in place of the lower surface of the delta plan-
form and thus could use a common support fixture, auxiliary air supply line,
and nozzle mouilting assembly. The support fixture was fabricated as the
upper surface of the Delta planform by extending and thickening the vertical
fin to servo az blade sting adapter as is shown in Figure 1 which presents
an assembly drawing of the delta planform configuration.

(U) Th- model consisted of three major parts:

a) dultu planform upper surface sting assembly
b) deltL planform lower surfiace
c) flat plate assembly

ani a number of umaller parts including:

4
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a) exhaust nozates and extensions

b) elevons and brackets

all parts were fabricated from 17-4 PH stainless steel.

(U) 2.2.1 DELTA PIAAFOP1M CONFIGURATION. The delta planform shown in Figure I
was derived from a lines drawing supplied by AFFDL, modifled to agree with
an alumiu ,model which was sea as a contour pattern for the upper , I
surface. The original fin was modified as shown in Figure 2 to give it the
necessary strength to act as a blade sting (Figure 3) and the necessary
internal volume to carry the pressure instruzientration tubing and thermocouple
instr umentation leads from the model into the sting adapter. There was not
sufficient volume to carry the auxiliary air line of desired diameter inside
the fin so that a 3/4 inch line was carried on the right side of the fin
(viewed from the rear with the model right side up) as is shown in Figure 4.
All of the pressure measurements were taken on the left side (viewed from

back, right side up) to avoid interference effects from the gas supply. The 4
radius of the leading edge of the delta varied from 0.125 inches at the noseF of the model to 0.1 inches at the base.

(U) The delta configuration was instrumented with a total of 97 pressure taps
and 9 thermocouples including those in the nozzle plenum, in the base region,
and on the lowcr surface eleven. Section 2.2.4 will detail the instrumentation
locations. 

1,

(U) The nozzle plenum assembly was machined as an integral part of the upper
surface assembly and had two holes drilled and tapped to receive nozzles or
extensions as is shown in Figure 5. The upper surface contained all of the
base pressure instrumentation as well as nozzle plenum instrumentation which
was used on both delta plunform and flat plate tests. In addition this
assembly contained all upper surface pressure aid thermocouple instrumentation
aft of model station 2.9 and above model water line 0.79 (split line) which
were disconnected at the sting adapter and not used during the flat plate
tests. The flat plate assembly and delta bottom were attached to the upper
asse~hly by nine cap screws and the mounting holes were:plastered over as is
visible in Figures 3 and 4.

(UM The delta configuration has both upper and lower surface elevons as shown
in Figrres I and 5. These elevons were fabricated out of stainless steel
and were mounated to the body by means of brackets. Brackets were then
fabricated to obtain the desired deflection angle.

The upper surface elevons were not instrumented and were mounted at zero
deflection only for this series of tests because of the relatively low
importance of these uurfaces for hypersonic trim and because there were too
many other variables to test, however, a few pressure runs were made with
these ,-Ievons rcm,.oved.

(u) The lower surfaLce eleven is shown as a :plit surface on the original drawing
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for use as a toll control. For this test it was built as a one piece
elevon so that no roll control deflections could be tested. Brackets were
built so that thi6 control surface could be set at zero (0) deflection, at
20 degrees trailing edge down into the stream ( + 200), or at -15 degrees
trailing up out of the stream. The nozzle interfered with the -15O control
deflection and had to be located in its most elevated position in order to
obtain this deflection anle. Both the flat plate and delta tests were con-
ducted with the lower elevon at zero control deflection. A limited number
of tests of the confimLurations were made at-both + 200 and -150 elevon.

(U) The elevon containeca seven (7) pressure taps and one thermocouple as instru-
mentation for this test.

(U) 2.2.2 FLAT PLATE CONFIGURATION. The flat plate bottom was 20 inches long
and 15 inches wide and has provisions at the trailing edge for mounting the
lower surface elevon and eleven extensions as is shown in Figure 6. The
leading edg;e radius chosen in the same radius as on the swept leading edge
of the delta bottom (0.125 inches). The flat plate had a thickness of 0.79
inches and had a 150 wedge angle on the side of the plate from the leading
edge radius to this thickness on the side of the plate which mated to the
delta-upper surface support assembly. The flat plate was machined on the
mating surface to provide the volume necessary for the pressure tubing, and
this machined area was closed by a cover plate.This allowed pressure taps
to be located with few restrictions while no cut-outs of any kind other then
elevon bracket pads were made in the instrumented surface as is shown 1in
Figure 7.

(U) The purpose of the elevon extensions was to make the plate appear longer
without an elevon. This was done because the elevon could not be detached
from the model without disconnecting the pressure tubes and thermocouple
which was not desireable during the test. These extensions contained no
instrumentat ion.

(u) The flat plate model contained a total of 82 pressure taps and 6 thermocouples
including those in nozzle plenum, base region: and elevon during this test
series and changes from the flat plate to the delta bottom assembly called
for a new tunnel installation to lead the tubing through the tunnel support.

(U) 2.2.3 EXHAUST NOZZLES AND EXTENSIONS. A set of six nozzles were fabricated
for this test with expansion ratios (AJ ranging from 1.0 to 20 with a basic
throat diameter (ck ) of 0.2245 inches. However, early in the first test
series (flat plate test at Mach 10) it was decided that larger plumes were
needed and so the basic throat diameter was increased to 0.316 inches with
one sonic nozzle kept at 0.2245 inches. Thus, the geometric characteristics
of the nozzles which were tested are listed in table .1 below:

S
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TABLL I
NOZZLE CHARACTERISTICS

250 N

°4 4

Nozzle dt, in. dj, in. ON , deg A N, in. A/A*

1 0.2245 0.225 0 1.250 1.0
2 0.36 0.478 15 1.449 2.25
3 1.000 15 0.468 10.00
4 0.477 7.5 .217 2.25
5 0.476 30.0 0.952 2.25
60.316 0 0.316 1.0

(U) The sonic orifices were used because of the ease of obtaining large plumes
with relativelY low supply pressure and becausQ of the limit on gas Supply
pressure (1500 psia at heater).

(U) The small sonic orifice (nozzle 1) was retained to test the effects of
nozzle size and to minimize the Argon and Carbon dioxide mass flow require-
ments. Nozzles 2 to 5 are conical nozzles with a cylindrical throat
section of length approximately equal to throat diameter. Nozzle 6 became
the basic nozzle with which most tests were made for effects of parameters
other than specific nozzle parameters. Nozzle area ratio or exit Mach
number effects were tested by comparing data with nozzles 6, 2, and 3;
nozzle exit angle asing data with nozzles 2,4, and 5; nozzle size from
nozzles 1 and 6, aiid exhaust gas using nozzle 1.

(U) The nozzle plenum was drilled to recei-.'e nozzles in two vertical positions
and in addition two cylindrical adapters were made so that three longitudinal
positions could be tested. Thus there were 6 potential positions to locate
the nozzle to test the effect of nozzle location of which 4 were utilized
as shown in Figure 8. All nozzles were made with a 0.5 inch diameter

7
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passage connecting it to Vhv p of zuffc-..nt length so that they shared
a commn exit plane when mounted d.!ructly to the plenum or on either extension.
The shortr extension was 0.625 incheL long because this was the minimum
length needed to accommodate the threaded Joint and the longer extension
wa6 chosen as twice the length of the shorter. Figure 9 shows nozzle 1
mounted in the basic position on the flat plate model.

(U) 2.2.4 INSTR ECNTATION.Table II presents the allocation of instrumentation
for the various components of this model and Figures 10 to 13 present
sketches of the locations of the surface pressure taps tofether with the
associated thermocouples.

TAB1&E II

INSTUMENTTION ALLOCATION

Location Pressure Thermocouple

Nozzle Plenum 2 2

Ele von 7 1

Base 4 0

Fin 6 1

Flat Plate 69 3

Delta Lower Surface 51 3

Delta Upper Surface 28 2

(U) Figure 10 and Table III show that two-thirds of the flat plate instrumentation
has been concentrated aft of 75% of the plate length with the rest essentially
equally spaced over the remaining plate length. This division was based on
the assumption of the collapse of the separated area Ytith increasing angle
of attack when the surface is a windward surface. Instrumentation was located
near the leading edge because it was expected that the entire plate wfuld
be affected when it was a leeward surface. All taps (except 3) were con-
centrated on the left side of the model to obtain more detailed data based
on symmetry of the model.

(U) Figure 11 presents the locations of the pressuve taps on the bottom
surface of the delta planform. 85 percent of the pressure taps were located
aft of' the rip and in the same basic pattern as on the flat plate.
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FLAT PLATE PRIESSURE -OCATIOD'S

TAP X/ L /TA Iy
.9672 .i

1 .0305 0 1 1.02f .1
2 .15 0 42 1.05 .1
3 .30 0 .125

S.45 0 44 .60 .15
5 .60 0 45 .675 .15
6 .675 0 46 .75 .15
7 .75 0 47 .80 .15
8 .80 0 48 .85 .15
9 .85 0 49 .)S .12
.0 .90 0 50 .925 .15

11 .925 0 51 .95 .15
12 .95 0 52 •9675 .15
13 .9675 0 53 .9675 .175
14 1.025 0 54 .0305 .20
15 1.05 0 55 .15 .20
16 1.075 0 56 .30
17 .60 .05 57 .45 .20
18 .675 .05 58 .60 .20
19 .75 .05 52 .675 .20
20 .80 .05 6c .75 .20
21 .85 .05 61 .80 .20
22 .90 .05 62 .85 .20
23 .925 .05 63 .90 .20
24 .95 .05 64 .925 .20
25 .9675 •05 65 .95 .20
26 1.025 .05 66 .9675 .20
27 1.05 .05 67 .9675 .225
28 •0305 .1 68 .9675 .250
29 .15 .2 69 .0305 -. 1
30 .30 .1 70 .45 -.1
31 .45 .1 71 .9675-.
32 .60 .1 72 .70 0
33 .675 .1 73 .725 0
34 .75 .1 74 .775 0
35 .8C .1 75 .825 0
36 .85 .1 76 .875 0
37 .90 .1 93 Base
38 .925 .1 94 Base
39 .95 .1 95 Base

96 Nozzle
98 Plenum
99 Plenum

99
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(U) The test results indicate that more taps should have been located on the
iapp centerlire and suriace.

(U) The upper surface pressures were measuren at twelve stations along the body
and the taps were located as is shown in Figure 12. The triangular section
had u tap on the top centerline 2 450 off top centerline, and two on the side
4ith one locat A at model water line 0.665 and one located at the center of
the top rndius. Aft of the expansion corner (Figure 12k) the taps were
located at model water line 2.62, model water line 0.665, and at a point half
the width of the rear deck. The taps along water line 0.665 become leading
edge taps aft of model station 17. Figure 13 shows the tap locations and
code numbers for upper surface and fin. taps and thermocouples while table IV
gives the pressure tap locations for all taps on the leita planform.

(U) Four (4) pressure taps were located in the base region of the configuration
as shown in Figure 14 arnd were used for base presi cre measurements on both
the delta and flat plate tests.

(U) Two pressure taps were mounted in the nozzle plenu. chamber in order to

measure the total pressure supplied to the nozzles. These taps were cali-
brated by surveying the nozzle exit with a total head survey probe during
.ozzle calibration runs performed priur to the first tunnel run and before
the nozzle expansion ratios were reduced.

(U) Two thermocouples were also installed in the plenum to measure gas tempera-

ture but were found to be unreliable becmase they could not be completely
shielded from the model. Thus the gas temperature used for the data was
the gas temperature measured downstream of the heater.

(U) All pressure tubes in the model were type 321 stainless steel with .03 inch
O.D. This tubing was spliced to 0.093-inch 0.D. by 0.014-inch wall stainless
steel tubing approximately 18-ft long which connected to the pressure
measuring system. The thermocouples were installed near the selected pressure
orifices by drilling small holes through the model and 30 gauge cromel-alumel
thermocouples were threaded through to the external surface where the Junction
was made.

U) 2.2-5 FLOW SURVEY RAKE. Figure 15 presents a sketch of the probe flow
survey rake which was furnished by AEDC. The rake consisted of four pitot
probes and two total-temperature probes. As shown in Figure 15, three of 4
the pitot pr'obes were inclined 20 deg toward the fourth pitot probe. An
installation. photograph of the survey rake supported above tne delta model
is shown in Flqure 4. The grid wire shown on the tunnel windows was used
as a sclinog reference for thu schlieren data. The rake drive system was
digitized to indicate a displacement in each of the three coordinate directions
x, y, ana z. In the streamwise direction, the rake could be positioned to
within ± 0.01 in. The probe height above the model surface was obtained by

10
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TABLE IV

PELTA CONFIGURATION PRESSURE TAP LOCATIONS

lap Numr X Y b- Y

•0305 0 41 1.025 .1
2 .1515 0 42 1.05 .l

3 .273 0 43 .0305 .0125
4 .4,4 0 44 .1515 .035
5 .6o6 0 45 .273 .0505
6 .65 0 46 .394 .070
7 .75 0 47 .4545 .085
8 .80 0 48 .576 .1075
9 .85 0 49 .6365 .118

10 .90 0 50 .697 .129
11 .925 0 51 .7575 .140
12 .95 0 52 .818 .149
13 .9685 0 53 .879 .16
14 1.025 0 54 .9395 .17
15 1.05 0 55 .273 -.0505
16 1.075 0 56 .6365 -.118
17 .606 .05 57 0 0
18 .65 .05 58 .0305 0
19 .75 .05 59 .1515 .035
20 .576 0 60 .1515 .015
21 .85 .05 61 .1515 0
22 .364 0 62 .273 .0505
23 .454 .05 63 .273 .0251
24 .85 .05 64 .273 0
25 . 6o85 .05 65 .394 .070
26 1.025 .05 66 .394 .034
27 1.05 .05 67 .394 0
a8 .65 -.05 68 .4545 .085
29 .85 -.05 69 .4545 .0425
30 .75 .1275 70 .4545 0
31 .85 .135 71 .576 .1075
32 .606 .1 72 .576 .051
33 .65 .1 73 .576 0
34 .75 .1 74 .6365 .118
35 .95 .1425 75 .6365 .052
36 .85 .1 76 .6375 0
37 .576 0 77 .697 .1175
38 .70 0 78 .697 .054
39 .95 .1 79 -7575 .115
4o .9685 .1 80 .7575 .047
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TA3BLE IV

DZLT; CONFIGURATION PRESSURE TAP LOCATIONS (cont' d)

Th p Number X/L y/L

81 .7575 0
82 .818 •115
83 .818 .o4
84 .818 .0285 • U79 .112

86 .879 .035
87 .879 .02
88 •9395 .11
89 .9395 .03
90 .9395 .02
91 1.00 .02
92 1.055 .02
93 Base
94 Base
95 Base
96 NoLzle
97 Plenum
98 Plenum
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mcnitori.-w the huu i eih from h posi-tion where the lower pitot probe
made electrica-l conaict with the mo.it is esti.mated tha)t the e-l-UCrioally

dtcrmaincd pitot protbe contac:t point was3 known to within ± 0.001 in. The
incrmenal cang inposi-tion of' the probes above the mnodel surface were

&not.towith in :t 0.001 -il., and the lateral or y displacement was known to
within ± 0.025 in.

'u) Thc. flow--field ureswere-.aa,- normal to either the, nozzle axi- in the jet
plixse reo-ion) or norm"al to the ar't portion, of the model surface in the region
uPstream- -!, .of the mdltaln de

CU) A tIotal of L00 ho.urs. of tune ccup'x-,.cy in tunnels B an1-d C wore used to per-
form:;, this tes t prog-ram:, dtirng which the following- d ata were obtained:

a) 360 surface prssrecat. ributions
b) 5 nOzzle calibration runs

) 9flow field s-urveys;-
d) 53 oil flow run.-
e) j04~ Schlieren- t -uns

f) 5 H-oElraph run,

(U) Sefrijeren data was zz~ker. with each press5ure distribution and the 104 Schlieren
runs - were separate runIs made at the e:nd of the test in combination with the
oDil f low runs to obtain. data misset-d ear-lier in the program because of a
different s-ting6 adapter on some in and to try to o btain better visuailization
on othe.r runsE. The holog~raph rusmade on a -Low piority basis a,) to 6ee
whether flow field density data could be derived for the separaten flow,
re -ion.. This; hoiorraphite data is not pentdin thft; report.

(u) Fifty seven (57) press0ure ruins were obtained at a nominal Mac.h number of 6;
sixty six (66C) pressure runs were obtained at a nomrrinal Mach number of 8;
arid all the rest of the data- w"s obtaine d at a nominal Mlach number of 10.
The- primary gecometry variations, were b -twsen tche delta plaanform whirth was

tted .-t Eall conditions1 adte flat plate zmodel w,,hich was tasted only at
a- '-ach rnumr~r of 10.

(u) 2. 3.-1 PRSUETESW :MJ MY. 1ilety one (91) Pressure runs were made
on the fiat plate co-f'iguration at aL nominal !ach number of 10 and aire

sun'.rledintable whr nozzle code- is g-iven in table 1 and nozzle
ostincede is dci ted in Figure 8, The flat plate tests, were conducted
prmriyat a unit He',nolus numbe~r of 0.5 a 10%'/ft with Reynolds number

pe.rturbations.: from 0.25 x 10 6 /ft to 0.89 x [hf/ft. The maeof attack ranged
from -100 to -1 15~' tat thez maLjority of runs- were ad at 0 and 100. Tables VI
to vMT summarize the delta, eonftnauration tests- at M1-ach 10) 8, anid 6 respectively.
The vaIlues if Unit ReQynolIds :ncr~ber rold jet, static pre sure ratio (P /Pt ) listed

inteetabl'es are nmina values used to illustrate- the va:riation of parameters

13
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(U) - tQst w re A.. a..es .f attack f'0fl 0 to 26.50 but the sting
pter a later ch&' -d and the ai.le of attack range was changed to -2 to

-i5
0 . This chemse wws :uzdc to i- :.pLo,'chli:c. viewing of the model at low

aes and ecause mc)t tusts were perfoned -t ar'-jles of attack of 00 and I00.
h 8 "- C tcts weru esseitially imilar to tne MRach 10 tests except that
h .. unit .,- .Ld :.,umber tested V x 10o, It) was performed at Mach

aZ.d that the de.L'cd te~t cOLdition at %Iuch 6 was missed so that most Mach
•ta W;re a .. o: 0cy,,' '....... f 0.6 x ]06"ft. Only one

xc'vnold ~numLei: vaviaLion was tested at Mach 6. Anle of attack at both Mach
6 a vaci d fru'n . to 15o U-ith iaost jata ottairntd at 00 uid 100.

(L) Th- JteL' ratio.;, test fur cxczd Any that would be attained with aui

:actuai rockt eCakiL buL wer- used to obtain la'e plumes to generalize the
'_.u'LLLs sic2 it w".. believ'ed that the ocparation data should be related with

1u~iser:-.thur thwn pA.j ran-eters.

(u) Luri:.g the flow -urvvy tutS , two ;ets of centurlixac pr ;sures were obtained
uinc di.:k to rae ent a plU14,.

(U) 2.3. 2 0IL KL ,'W cUi'~xY. Zlygo oil was used for a limited set of flow
visualization runs which are ;ummarizea in table 9. One ;special oil flow
run was made using dual nozzles ir.stead of one to determine the effect on

the separation pattern.

14
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TABLE V
FLAT .I.. I:MZ TFS TESTSID AT MACH 10

NO~LT.L F. x 1 ,'ft Pj/P GAS OTHER
L'--'6 PxSITIC 0

0 0 O°-..15* air

, 0 0 &i0 air

- .•5 0 -l0e-+15

-0 05 0 0 & 0

0 .89 1000 -10--.15 air

1 0 .22 4000 0-1C0 air

1 0 .50 16000 0 -10 air

1 0 .5 8000 0-10 CO 2
1 C .5 16000 0 Co2

1 2 0 .5 8000 0 & 10 Argon

2 C .5 4000 0 & 10 air

1 0 .5 8000 0-10 air

2 1 0 .5 12000 0 & 10 air

3 1 0 .5 1000 0 & 10 air

3 1 0 .5 1200 0 & 10 air

1+ 1 0 .5 4000 0 & 10 air

4 0 .5 8000 0 & 10 air

8000 0& 10 air

289 4000 0 air

6.89 
1000 0 air

6 1 0 .89 8000 0 & 10 air
'; 6 I0 .22 8000 o & I0 air

6 1 0 .5 2000 -10--5 air

6 1 0 .5 4000 -10--10 air

6 1 0 .5 8000 -10-15 air

6 1 0 .5 16000 -10-15 air

6 1 0 .5 34000 0 air
6 1 0 .5 69000 0 air

6 0 .5 89000 0 air

6 0 .5 8000 0 & 10 air Extensions on

6 1 0 .5 16000 0 & 10 air Extensions on

6 1 +20 .5 16000 0 ai

6 2 0 .5 16000 0 & 10 air

6 3 0 .5 }6000 0 & ". ir

6 4 0 .5 16000 0 & a0 air

6 4 -15 .5 16000 0 & 10 uir
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IABLE VI

DZ:LTA CiFIGU1MATiO: Pi-E!3iXrE TE3T PARAMETzi3 AT MICH 10

NIZLE POSITIOi i x iO-6/ft P /i GAS OTHER
- °  .39 0 0--1 0

- 0 .2 0 0-20
S.5 0 0 - 26.5

- .5 0 0-15
" " +20 5 0 0-20
± 1 0 .5 16000 0-i5 air

0 .5 b000 0- 5 co
10 .5 16000 0- 5 co2

1 0 .5 3000 0 - 2.5 Argon
1 0 .69 4000 0 - 10 Air
± 0 0 4000 o0- iO air
1 0 .5 1000 0- 10 air
1 0 .5 4000 0 - 15 air

0 .5 6000 0 - 15 air
1 0 .5 13000 0 & 10 air
1 0 .5 o00 0- 0 air

4 1 0 -5 4000 0- 0 air
4 0 .5 6000 0 - i air
5 0 .5 4000 0- 15 air
5 1 0 .5 8000 0-- 10 air
o 1 0 .22 3000 0 - 10 air
6 2 0 .22 16000 0 - lo air
6 4 0 .22 16000 - 10 air
6 1 0 .89 8000 0 -15 air
6 1 0 .89 16000 0 - 0 air6 1 0 .5 L2000 O- 15 air
6 i 0 .5 4000 0 -15 air

i0 .5 8000 0 - 15 air
61 0 -516000 -2 - 26.5 air

0 •5 22000 0 air
6 0 .5 34000 0 air

6 1 0 .5 68000 0-20 air
6 1 0 .5 89000 0 cold

air
6 - 0 .5 89000 0- 20 air
6 2 0 .5 16000 0- lo air
o 3 0 .5 16000 0 - 0 air
6 4 0 .5 16000 0- i0 air
6 4 -15D .5 16000 0 - 20 air
6 +20 .5 16000 0 - i0 air
6 0 .5 1.6000 0 - i0 air upper elevons

off

16
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T;,Bl.E VI I

DELTA CyIFIGU~ATIO PhSUIE TEST pA-RPMITERS AT MACH 8.

PCSITIO, be 1O GA/ a OTR

00 .55 0 " 1-5

- -15 0 0 & 10
S +20 .55 0 0 & 5

0 .25 0 0 & 5
2.0 0 0 &10

51 0 5 8000 0 & 5 air

1 0 .55 16000 0 air

10 .55 2000 0-.5 C020 55 80ooo - 5 co

10.55 
16000 5 Co2

0 . 8000 0 & 2.5 Arjon

1 0 .55 4000 0 & 10 air

4 
0 .55 4000 0 & 10 air

5 1 0 .55 4000 0 & 10 air

6 1 0 .55 1000 0 air

6 0 •55 4000 0 -15 air

6 1 0 .25 4000 0 & 5 air

6 1 2.4 4000 0-0.10 air

6 1 0 .55 7000 C & 10 air
8000 0-15 air

6 0 8000 &5 air

6 1 0 2.4 8000 o&10 air

6 1 0 .55 16000 0 &10 air

6 1 0 .55 32000 0 -15 air

6 2 0 .55 8000 0 & lO air

6 30 .55 8000 0 f iO air

6 4 0 .55 8000 0 10 air

6 4 -15 .55 8000 0 & 10 air

6 1 +20 .55 8000 0 & 5 air
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TABLE VIII

D'T(-J TION PARA WTRS TESvD AT MACH 6

K L o'6 / ft p /P- a/ GAS OT=fI

- .66 0 0° - 15°

C .37 0 0 & 5

-15 .66 0 0 & iO

.66 0 0 & 5
0.66 7000 0 - 15 Air

.66 15000 0 CO2

1 i 0 .66 7000 0 CO

1 0 .66 7000 0 Arxon

0 .66 3800 0 Argon

2 1 0 .66 3800 0 & lO Air

4 1 0 .66 3800 0 & 10 Air

1 0 .66 3800 0 & 10 Air

6 1 ,66 2000 0 & 5 Air

6 1 0 .66 3500 0 & 5 Air

6 1 0 .37 3500 0 Air

6 L 0 .66 7000 0 -15 Air

6 1 0 .37 7000 0 &5 Air

6 1 0 .66 8000 0 Air

6 1 0 .66 7000 0 -15 Air

6 1 .37 7000 0 & 5 Air

6 0 .66 8000 0 Air

0 0 .66 15000 0- 10 Air

6 0 .66 32000 0-, 15 Air

6 2 0 .66 7000 0 &)0 Air

6 3 0 .66 7000 0 & 10 Air

6 4 0 .66 7000 0 - 1o Air

6 4 -15 .66 7000 0 & 10 Air

6 1 +20 .66 7000 0 & 5 Air

18
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TABLE Ix

uIL FLOW Vi6UALIZATION AT MACH 10

COEFIGLI7-ATIOr; NUZZL e  xl06/ft P /P/ . GAS OTHER

6 .1 0°  .5 3500 ar

.. . 6 . 0 .5 17000 & 5 air
6 1 0 .5 34000 0 air

6 1 0 .5 68000 0 air
6 0 .5 17000 0 air Extensions on

. ! 0 .5 17000 0 air

5 i 0 .5 8500 0 air

Delta - - +20 .5 0 0 -'15

I. 1 0 .5 17000 0 & I0 air

2 1 0 .5 1000 0 air

2 1 0 -5 4500 0 & 10 air
2 i 0 .5 8500 0 &I0 air

2 1 0 .5 13000 0 & l0 air

1 0 .5 4500 5 air

2 1 0 .5 8500 0 air

6 1 0 .5 2000 0 & 2.5 air
6 1 0 .5 4500 0 air"6 1 0 .5 8500 0 air

6 1 0 .5 1700 0-15 air
6 1 0 45 30O0 0 air

6 i 0 .5 89000 0 air
"6 1 0 .89 3500 0 & 5 air

6 .1 0 .89 17000 0 & 5 air
6 2 0 •5 17000 0 air
6 3 0 •5 17000 0 air
6 4 -15 .5 17000 0-15 air
6 1 -10 .5 17000 0-10 air

- 0 .5 0 0 large disk
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(U) 1 .3. .;. FIELD 3URVXf. Flow field surveys were made on four configura-
a : . !how:. in tabic 10. The disks were sized to be as large as the

vui:.t whlxre the seyarated flow attached itself to the plume for the P 'Pm
,cz- with noznle 6 anid the survuys were made to compare the sepatation

e-on which re,.Lte& from the plume.

Z.4 DATA ACCLF.%;Y

(U) T'b.le X. pv-2zents An estiwat ofD &i... :..cue'acy for thcsc teste thakil from
"frecQ 11 and which , be correct for this basic data as recorded

FLy," TI-LD .TUW ' DATA CTAIhKD AT IACli 10

;ZZLE LOCATION :.)d" GAS SURVEY LOCATION. X FRlOM NOSE INCHES

S-o .5 0 1 5.29
-0 .5 0 - 18.49

- 0 .5 0 - 21.69
60 .5 6500 i" 12.09
6 0 .5 8500 air 15 29

0 5 e300 i r 21.69
0 .5 8500 air 22.0
0 5 7r0O0 air 8.89

1 0 .5 17000 air 12.09
6 1 0 .5 17000 air 15.29
6 0 .5 17000 air 21.69
6 0 .5 17000 air 22.0
6 1 0 .5 17000 air 22.32

.1 0 .5 17000 air 22.94
0 .5 3500 air £2.09

i 0 . 8500 air 18.49

0 .5 8500 air 21.69

0 .5 8500 air 22.0
0 5 8500 air 22.94

izkI. 0 .5 - - 1-5.29
0 .5 - - 18.49

Larg bizik 0 .5 - - 15.29
0 .5 - - 18.49

20
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A:SINATil COM., lTh.D DATA

ACCUEACY

Estimated

Uncertainty,
Paralrnater * percent

Mach number, M ±0.5

Reynolds nimber per foot, Re/ft ±2.35

Model surface pressure ratio, p/p. ±3.8

Nozzle chamber pressure ratio, poj /p ±3.8

Pitot probe pressure ratio, pziPo' ±1.4

Velocity ratio, U/U. ±0.9 to 1. 7

Density ratio, p/pa ±2.1

* (from reference: ii)

(U) The pressure data was used to obtain two basic separation parameters for which

the error depends cn the snacing of the pressure points 
and consequently have

-a greater error. The '2chlierer data was reduced to obtain various plume

parameters andbecause of the -,mall scale of the pictures and the relatively

pou r contrast of the stparated reg-on the error is fairly large. Thus table

12 presents estimates of thL uncertainty of these parameters.

TABLE XII

ESTIMATED 9-PDUCED

DATA ACCURACY

Uncertainty
Percent

3,pration location x/L 12.5

Fr, -- itnteraction ie:th da4/L k 2.5
Pluteau pressure PM
PI_ W..eQ initial radiuL,

All mr-a'ured anCles from rietures 2

UNCLASSIFIED



UNCLASSIFIED

SECTION 3

TEST RESULTS

3.1 FLAT PLATE DATA

(U) The flat plate was tested only at a nominal Mach number of 10 in AEDC tunnel
C and was the first configuration tested in the chronology of this series of
tests. The test results will be presented basically using the centerline
pressure distribution to illustrate the effects of the major test parameters
and then the spanwise distributions will be discussed. All of the pressure
data which will be shown will'be plotted as the ratio of local pressure to
tunnel ambient pressure (P/Pco). The plume data shown on the plots will be
presented as jet exit static pressure ratioed to tunnel ambient prgssure
(P /P ) and the Reynolds number as the unit Reynolds number x 10 /ft. The
axial location (X/L), where the plume induced pressure disturbance starts, is

arbitrarily called the separation point in the discussion which follows for
convenience. The author realizes that the actual flow separation occurs aft
of this point.

(U) 3.1.1 FLAT PLATE CENTERLINE PRESSURE DATA. Figure 16 presents the centerline
pressure distribution on the flat platc model as a function of angle of
attack with no exhaust plume. This figure shows a strong decay in pressure
from the leading edge which results in the zero angle of attack data never
reaching ambient pressure ever at the trailing edge of the elevon. The leading
edge diameter number is 0.25 inches (d/L = .0125) and this strong pressure
gradient was not expected to persist so far downstream. The pressure gradient
is evident at all angles of attack shown on this plot. Figure 17 shows

little effect of Reynolds numbers tested on the basic pressure distribution
at zero angle of attack.

(U) The effect of increasing jet pressure ratio at zero angle of attack for the
largest sonic orifice (nozzle 6) located in the basic position (position 1
on Figure 8) is shown in Figure 18. The pressure rise caused by the plume
starts on the elevon and moves forward onto the plate as jet pressure ratio
is increased. A plateau in the plume induced pressure rise appears when the
separation point moves forward to about 90% of body length while at the
same time a pressure peak appears in the elevon. Increasing pressure ratio
beyond this causes the separation point to move forward and both the plateau
and peak pressures to increase. The pressure peak is probably due to plume
flow recirculating into the separated region and onto the plate. Figure 19
presents oil flow visualizations of increasing pressure ratio at zero
angle of attack which show, a clean spot on the elevon arid the flow forward
and outward from this region of peak pressure. The separation point moves
for-ward ncar thc cdges of the plate due to edge effects. Figures 20 to 22
show the effect of positive angle of attack on the plume induced separation.
Positive angle of attack exposes the flat plate as a windward surface and
this causes the separation to move.aft very rapidly, however, separation
still occurs on the elevon at 10 degrees angle of attack (Figure 21) and at
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150 (Figure 22). Negative angles of attack are shown in Figures 23 and
24 which show much the same trends as the zero angle of attack data with

the appearance of a plateau and a pressure peak on the elevon. The plateau
ogcurs at a more lower jet pressure ratio at -50 (Figure 23) than at 00
(Figure 18) but the plateau pressure rise appears to be much smaller. The
plateau pressure at a -l00 is slightly above ambient pressure and extends
not much further forward then that of -50. These data trends indicate that
the effect on leeward surfaces should diminish with increasing angle of
attack.

(U) Figure 25 shows the effect of increasing jet pressure ratio of the 2.25
expansion ratio nozzle (nozzle 2, position 1) indicating more separation than
that of the sonic orifice of Figure 18, when compared at the same jet exit static
pressure ratio (P /Po ). This is confirmed by the comparison of oil flows of
Figure 26. The plateau pressures on Figure 25 appear to be close to those of

Figure 18 for data with the same separation point, implying that sepazation
plateau 'pressure is imore related to separation point than to nozzle jet pressure
ratio.

(U) Nozzle 3 data (A/A* - 10), shown in Figure 27 for position 1, further indicates
that increasing expansion ratio increases separation when compared on a jet exit
pressure ratio basis because the separation shown here is nearly that of nozzle 2

at a pressure ratio of 4000 (Figure 25). It takes a much higher total

pressure to achieve the same jet exit pressure ratio with nozzle 3 because
of the higher expansion ratio compared to the other nozzles and an exit

jet pressure ratio of 1200 was the maximum attainable with this nozzle.
Figure 28 shows that if nozzles 2 and 3 are compared on the basis of nozzle
total pressure ratio (P /P) that the higher expansion ratio nozzle shows
much less separation. Nus the effect of expansion ratio depends on which
pressure ratio is chosen as the basis for comparison.

(U) The effect of nozzle size is shown by Figure 29 showing a comparison
of the data from nozzles 1 and 6 which are sonic orifices and nozzle 6 has
twice the throat area of nozzle I. Nozzle 1 shows less separation, partly
due to the jet pressure ratio differcnee of the test condition and corresponds
roughly to the separation caused by the larger nozzle with a jet pressure

ratio of 8000 (Figure 18). Thus it appears that exit area or radius is an
important plume separation parameter.

U) The effect of nozzle exit angle on flat plate centerline pressures for the
nozzles with an expansion ratio of 2.25 is shown on Figure 30. The separation
point moves forward with increasing nozzle exit angle in almost a linear
manner and the separation location for the 300 nozzle is almost at the same
point for the 150 nozzle with a jet pressure ratio of 13000 (Figure 25). The
plateau pressure rises as the separation point moves forward but again the
plateau pressure corr.sporids v ry well with that of both nozzle 6 (Figure 18)
and nozzle 2 (Figure 25) considering comparable separation points, reinforcing
the opinion that plateau pressure is more related to separation point than to
to nozzle parameters.

23
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() The effect of nozzle position is shown in Figure 31 where data for three
axial positions and two vertical positions is presented. The axial position
shift increments are not large ( .031L ) but there is a significant rear-
ward movement of the separation point for the most aft case (.062L). The
separation point corresponds to that for this nozzle in the basic position
with a jet pressure ratio of about 8000. The effect is non-linear since the
data with the nozzle at the midpoint of axial travel shows very little
difference with the basic position. A vertical shift of .072L appears to cause
little change in the separation point also. Thus small shifts in nozzle loca-
tion do not appear to exert much change on plume induced separation at least
for the limited case tested on the flat plate model.

(U) Figure 32 presents the effect of exhaust gas specific heat variation on
lume induced separation by presenting data obtained when carbon dioxide
'= 1.29) and Argon (v = 1.66) were used as test gases. This data shows

a large difference in the separation point caused by the different gases
and the carbon dioxide data corresponds very well with that for air from the
same nozzle (nozzle 1) at a jet pressure ratio of 15000 as shown in Figure 29.
The plateau pressure for this CO2 run corresponds very well with the plateau

pressure of other figures with the same separation point further confirming
that plateau pressure depends on separation point and not on nozzle parameters.

(U) Figure 33 presents a comparison of data at three Reynolds numbers for the
flat plate at zero angle of attack with nozzle 6 and a jet pressure ratio of
8500. These data show very little difference between the data of the low and.
intermediate Reynolds numbers but a reduction of the separation area at the
highest Reynolds number. Figure 34 presents data with the elevon extensions
on and off. No effect on centerline pressure is evident and the oil flows of
Figure 35 show that there is very little effect anywhere on the plate.

(U) The effect of control deflection is shown in Figures 36 and 37 where Figure 36
shows the control deflected 150 out of the stream (-150) and Figure 37 shows
the control def" cted 200 into the stream. Figure 36 shows that the plume
induced separation is not affected by the negative control deflection since
the elevon has the same plateau pressure acting on it as it did at zero
deflection.

(U) The elevon controls are usually deflected up out of the stream to increase
'Lngle of attack but the figure shows that this cannot be done in the presence
cf plume induced separation and this could be a serious problem if similar
results are obtained on the delta configuration. Figure 37 shows just the
opposite for the compression corner case in that control induced separation
predominates and that the plume effects are negligible.

(U) 3.1.2 FLAT PLATE SPA11WISE PRESSURJE DISTRIBUTION. The oil flow visualizations
shown in Figures 26 and 35 indicated the separation location is the same across
the span of the model except in the reions of edge effect and we will now
*xamzine the pressure data to see if it agrees with this observation.
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(U) Figures 38 through 44 present pressure distributions on one half the flat
plate for the largest sonic nozzle (nozzle 6) in nozzle position 1 in order
of increasing jet pressure ratio. Figure 38 shows the plate centerline is
the X/L axis and that the plate is .75 L wide. The area of the plate shown
is concentrated where the main sets ui pressure taps were located on the
plate and elevon. The pressure data were slotted and connected by straight
line segments along lines of constant spanwise location (Y/L) and the data
for the non-blowing case is presented also to help define the spanwise effects.
Three spanwise lines have also been faired through the data , the dashed line
(X/L = .968) is the last set of taps on the aft end of the flat plate, while
the other two lines are pressure taps located on the elevon at X/L = 1.032
and X/L = 1.05. Figure 38 shows that at low jet pressure ratio the pressure
disturbance is confined to the elevon surface; the separation point appears
to be near the leading edge of the elevon across the surface but the pressre
disturbance decays fairly rapidly in the spanwise direction. The jet pressure
ratio has been increased to 4300 for Figure 39 and the separation point appears
to have moved onto the plate ahead of the elevon but no effect is seen out- A

board of theelevon. The pressures on the elevon still show a strong spanwise
effect but no effect is noted on the body. Figure 40 shows that separation
has started all the way across the plate as the Jet pressure was increased
to 8400. The separation line moves aft outboard of the elevon but appears
to be at the same location ahead of the elevon. The spanwise pressure
variation is dimishing on the elevon but a spanwise variation is seen at
X/L = 0.968. Figure 41 marks the beginning of a plateau in the centerline
pressure and this apparently causes the separation line to straighten out
across the plate and the spanwise pressure gradient to become much smaller.
Figure 42 shows that all pressure gradients have diappeared at a Jet pressure
ratio of 34000 while Figure 43 and 44 show that the high pressure peak begins
to spread across the elevon as Jet pressure ratio is increased further.
Figure 45 shows that the results are similar at negative angles of attack.

(U) Figures 46 and 47 present spanwise data for nozzle 2 at two pressure ratios
which when compared on a common separation location basis with the nozzle
6 data show excellent correlation of the spanwise pressures. Figure 46
compares very well with Figure 40 while Figure 47 compares very well with
Figure 4i. Figure 48 shows nozzle 3 data which compares very well with Figure
39 thus it removes any doubt that spanwise distribution is related only to
centerline zeparation and not to other nozzle parameters.

(U) Figure 49 presents the spanwise pressure distribution with the elevon
extensions installed for the caze where separation is Just starting on the
plate when the extensions are off. This data is exactly the same as that
with the-! extensions oft,shown in Figurc 40,showing that the elevon does not
affect the data and the spanwise distribution must depend only on the
sepa ratiori at the centerline. Figure 50 shows the flow separation in the
.c.przi. c3rmcr Caused 'a .C0 c otro A- Ion _a d that it is not
carried into the plate outboard of th- elevon. Figure 51 shows that the
plume does induce separation outboard of the elevon and this feeds into
the control separation area to raise the pressure slightly on the plate
a.hed of the control but not on the control surface itself.
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(U) 3.1.3 SUMMARY OF FLAT PLATE TEST RESULTS. In summary plume induced separa-
tion up to a maximum of 50 of the plate length were observed on the flat
plate model. This separation was strongly dependent on:

a) nozzle Jet pressure ratio
b) nozzle expansion ratio
c) nozzle exit angle
d) nozzle size
e) exhaust gas
f) positive angle of attack (windward surface)
g) positive control deflection

and only weakly dependent on:

a) nozzle position
b) elevon width
c) negative angle of attack (leeward surface)
d) negative control deflection
e) small changes in unit Reynold number.

U) The plateau pressure and spanwise pressure distribution appeared to depend
solely on the centerline separation point and not on nozzle characteristics
thus, data for different nozzles compared very well when separation points
matched. The effect of nozzle expansion ratio depends on the jet pressure
parameter used to correlate the effects but increasing expansion ratio at
constant total pressure reduces the plume induced separation.

(U) Negative control deflection of a lower surface elevon to achieve a nose
up moment appears to be ineffective in the presence of plume induced separa-
tion.

(U) The effect of angle of attack is to reduce plume induced separation on a
windwa:-d surface and to cause some increases in pressure on a leeward
surface.

(U) Carbon dioxide plumes caused significantly more separation then air or
Argon plumes. Argon plumes caused the least separation.
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3.2 TEST RESULTS ON THE DELTA BOWOM CENTERLINE

(C) The description of the test results from the delta configuration will be
divided into three sections based on geometry:

a) bottom centerline data
b) bottom distribution data
c) upper surface pressure data

and these sections will be further subdivided by test Mach number to best
describe the data in an orderly manner.

(C) 3.2.1 BOTCM CENTERLINE DATA AT A MACH NUMBER OF 10. Figures 52 through 54
present the bottom centerline data of the delta planform as a function of
angle of attack for the three lower surface elevon deflections tested during
this study. These figures show some nose bluntness effect near the front
end of the ramp and the expansion corner effect aft of the juncture of the

front ramp and flat surface (.606L). Figure 53 shows the control deflected
-150 and the expansion corner effects at the aft end of the body. Figure 54
shows the compression corner effect which results from a +20 control deflec-
tion. The control induced separation moves aft but never disappears with
increasing angle of attack. Figure 55 shows that increasing unit Reynolds
number decreased the local pressure but the pressure distribution remained
essentially the saire along the centerline. A comparison of flat plate and
delta centerline pressures without a plume is shown in Figure 56 which
shows that the nose bluntness effects were much more severe on the flat
plate and so the delta planform pressures tend to be lower than those of
the flat plate at low angles of attack.

(C) The effect of jet pressure ratio on the delta configuration centerline at
angles of attack from 0 ° to 20 are shown in Figures 57 through 66. Figure
57 shows that separation of almost the complete vehicle was obtained at the
highest pressure ratio tested with this nozzle and comparing this with the
flat plate data of Figure 18 shows that separation occurs at a lower Jet
pressure ratio and mucr. more separation occurs on the delta configuration
than the flat plate at the same nozzle exit pressure ratio. The flat plate
dat..also showed a more level plateau pressure than is evident on the
delta configuration data however, the plateau pressures are fairly close if
compared on the basis of a common separation point. Figure 58 presents the
oil flow visualization of the effect of jet pressure ratio at zero angle of,
attack. The separation is strongly affected by angle of attack as seen in
Figures 59 through 64 so that by 200 angle of attack very little separation
occurs ahead of the elevon even at the highest jet pressure ratio. Figure 65
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shows that the angle of attack effect is strongest at low angles of attack
and diminishes as angle of attack increases at constant jet pressure ratio
while Figure 66 presents the oil flow visualization which shows very graphic-
ally the reduction in separated area with increasing angle of attack.

(C) Figure 67 presents the effect of increasing jet pressure ratio with nozzle 2
(A/A* = 2.25) which shows much more separation than the sonic nozzle data of
Figure 57 when compared at the same jet pressure ratio. The pressure rise
in the separated region is very similar for both nozzles when the data is
compared for a common separation point which is similar to the flat plate
plateau pressures. Figure 68 provides a comparison of flow visualizations
of the effect of nozzle expansion ratio at zero angle of attack for the same
exit jet pressure ratios which shows a similar result to that of the pressure
data. Figure 69 presents a comparison of nozzles 2 (A/A* = 2.25) and 3
(A/A* = 10) at jet pressure ratio of 1050 and which again shows that the higher
expansion ratio causes more separation when compared on jet exit pressure ratio.
The nozzle 3 data of this plot would appear to correspond to that of a jet
pressure ratio of about 4000 for nozzle 2 and this same correspondence was
noted on the flat plate data.

(C) Nozzle size comparisons are shown on Figures 70 and 71 between the sonic
nozzles 6 and 1. There is a small difference in Figure 70 but no difference
in Figure 71 at the higher jet pressure ratio. This result is not the same
as the flat plate result obtained at a much shorter separation length. The
implication of this is that nozzle size effects disappear as the plumes become
larger and separation increases.

(C) The effect of nozzle exit angle on separation caused by an A/A* = 2.25 nozzle
is shown in Figure 72 which shows that increasing nozzle exit angle increases

separation in much the same manner as for the flat plate (Figure 30). Figures
73 to 75 present pressure data and oil flow visualizations obtained on the
effect of nozzle position. Figure 73 apparently shows that moving the nozzle

aft results in more separation which was not expected and does not agree with
the flat plate results (Figure 31). However, this is not believed to be a
nozzle position effect so much as a small angle of attack difference recalling
the sensitivity of separation point to angle of attackin Figure 65 and the
oil flows of Figure 74 show no appreciable moving forward of the separation
point. The effect of vertical position change (Figures 72 and 75) is more

pronouned on the delta model than on the flat plate (Figure 31).

('C ) The vcIatins in pliune induced separation by changing plume gases is shown
in Figures 76 and 77. These figures show that using C02 as the test gas
results in much more separation. than air or Argon and exhaust gas specific
heat is a sensitive parameter as was also shown in the flat plate data.
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(C) Figures 78 and 79 shows the differences which were observed baused iuy using
cold air (- 5500R) instead of heated air as the test gas. The cooler air had
little effect at lower jet pressure ratios but became increasing important
at higher pressure ratios and the difference was sufficient to cause the flow
over the entire vehicle to be separated at the highest jet pressure ratio
tested. Thus it appears that not only gas specific heat but also supply
temperature are important parameters to be considered.

(C) The effect of control deflection on pressures is shown in Figures 80 and 81
for -15 and +20 control deflections respectively. Figure 80 confirms the
flat plate result that negative control deflection in the presence of plume
induced separation is ineffective; however, Figure 81 shows that the +200
control deflection is ineffective also which is a different result then that
of the flat plate (Figure 37). In both cases (Figures 80 and 81) the plume
induced separation is directly comparable to the zero deflection case and so
for this test condition the lower surface elevon appears to be completely
ineffective. Figures 82 and 83 present oil flow visualization of the +20
degree control deflection case which shows how the plume separation predomin-
ates at zero angle of attack but also how the compression corner separation
predominates at 10 degrees angle of attack.

(C) 3.2.2 DELTA BOTTOM CENTERLINE DATA AT MACH 8. A short series of tests were
conducted at both a Mach number of 8 and 6 primarily to determine Mach number
effects on plume induced separation. Figure 84 presents the bottom center-
line pressure data as a function of angle of attack without a plume which when
compared to Figure 52 shows much less pressure variation across the front
ramp then at Mach 10. The Reynolds number range tested at Mach 8 was larger
than at either Mach 10 or Mach 6 and Figure 85 shows that this Reynolds
number variation primarily changes the pressure level and the expansion onto
the flat surface at the lowest Reynolds number only.

(C) The effect of Jet pressure ratio with the sonic nozzle is shown on Figure 86,
which ,when compared to similar data at Mach 10 in Figure 57 shows that the
separation points are close. If there is a Mach effect,it is small and
causes the separation point to be slightly further forward on the Mach 8
data. The plateau pressures are very definitely lower at Mach 8 compared to
Mach iC, as, also are the pressure peaks nn the elevon aLt higher pressure
ratios. The effects of angle of attack (Figures 87 and 88) are comparable
at both Mach numbers.

(C) Expn-_nsion ratio effects, ciruilar to that at Mach 10, are shown by the data of
Figure 89 where again the nozzle 2 data exhibits slightly more separation and
lower plateau pressure than that of Figure 67 at Mach 10. Figure 90 shows that
incre_,ain nozzle exit angle moves the separation point forward as was also
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seen at Mach 10. The nozzle size comparison shown in Figure 91 shows that
the larger nozzle causes more separation but not by a factor on the order
of the difference of mass flows of the two nozzles.

(C) The effect of nozzle position is shown in Figure 92 which shows the same results
as that of Figure 73 for Mach 10. The data for axial location shows that the
most aft position moves the separation forward while that of the other positions
show no difference. The forward movement of separation by aft nozzle position
is rejected again being caused by a slight negative angle of attack during tht
data run.

(C) The effect of other exhaust gases is shown in Figures 93 and 94 which show
that Argon causes the least separation and carbon dioxide the most indicating
that decreasing exhaust gas specific heat (y) causes more separation but also
show this effect decreases with increasing jet pressure ratio. A parametric
variation of free stream unit Reynolds number is shown in Figures 95 and 96
which show a strong trend toward decreasing separation with increasing
Reynolds number. The higher Reynolds number pressure data lacks the plateau
which occurs at lower Reynolds numbers and this difference is attributed to
the boundary layer being turbulent at separation for the higher Reynolds
number case whereas theother cases are probably laminar boundary layer separa-
tions. There is much more data scatter in the undisturbed pressure regions
on Figures 95 and 96 than was evident in Figure 85 without a plume but this
was assumed to be normal data scatter.

(C)Figures 97 and 98 present pressure data with plume and control deflection
at two angles of attack. Figure 97 shows that the control deflected at -15O
is completely within the separated area at zero angle of attack and comparing
this to (Pdeflection with plume data of Figure 86 shows no change in the
plume induced separation. The data at 100 angle of attack shows that the
separation has moved back onto the elevon and raises the pressure anly
slightly thus the elevon still has some control effectiveness left at negative
deflections at this angle of attack. The +200 deflection data of Figure 98
shows that the plume incuced separation completely dominates at zero angle
of attack while the control induced separation completely dominates at an
angle of attack of 50 which is similar to the results obtained at Mach 10
(Figures 81 and 82).

(C) 3.2.3 BOTom CENTERLINE DATA AT A MACH NUMBER OF 6. Figures 99 and 100
pre sent Llh basic bottom centerline data without a plume as a function of
antllu of attack (Figure 99) and with lower elevon deflection (Figure 100).
This data corresponds well with the data obtainud at Mach 10 (Figures 52 to
54) anii at VMach 8 (Figure 84).
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(C) The effect of jet pressure ratio for the sonic nozzle is shown in Figure 101
at zero angle of attack and in Figure 102 at an angle of attack of 50. Figure
109 compares the separation locations for Mach 6, 8, and 10 and shows that
there is no consistent Mach effect. The slightly higher Reynolds number of
the Mach 6 data is believed to account for the lower separation for some of
that data. Figures 110 and 111 compare plateau pressure ratio and plateau
pressure coefficient at the three Mach numbers. The differences noted
previously in plateau pressure ratio are seen in Figure. 110 but reducing
the data to pressure coefficient form (Figure Ill ) removes this Mach effect.
Thus it would appear that the data is independent of Mach over the range of
Mach numbers tested in this program.

(C) Figures 103 to 10"5 presents the effects of nozzle expansion ratio, nozzle
exit angle, and nozzle size at Mach 6 which are consistent with the trends
established at the higher Mach numbers. The data at various nozzle axial
locations shown in Figure 106 shows that moving the nozzle art causes a
slight reductiun in separation at both aft locations. This data has been
inconsistent at the other Mach numbers and the apparent differences caused
by axial location shifts is small enough to be masked by the normal variation
in other test parameters between tunnel runs. All the data on vertical position
has been consistent and shows that moving the nozzle vertically away from a
surface results in reducing the separation region. Figure 107 and '10B show
the same effects on elevon deflection in the presence of plume induced separa-
tion as was shown at Mach 10 and 8.

3.3 DELTA BOTTOM SPANWISE DISTRIBUTION

(C) The need for upper surface instrumentation resulted in many fewer pressure
taps in the bottom surface of the delta (42) compared to that of the flat
plate model (77). Figure 11 shows that pressure taps were principally
arrayed along the bottom centerline (Y/L = 0) with a few located on two
other chordwise lines 1" off the centerline (Y/L = .05) and 2" off the
centerline (Y/L = .1) with most ci the taps on the rear surface (X/L >.6)
or on the elevon. Thus the spanwise distributions are less detailed than
those of the flat plate. The half-span of the bottom surface excluding
compressiai aharing sides is 2.22 inches wide (Y/L = .111) and thus the
two off center lines cover the half-span of the bottom.

(C) This data presentation will be limited to the nozzle 6 data at zero angle
of attack since this data covers the range of separation locations seen
during the test. The data was connected by point to point straight lines
by computer plotting so that the curves are not smoothed as in the preceding
section.
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(C) 3.3.1 SPANWISE DISTRIBUTION AT MACH 10. Figure 112 presents the basic

pressure distribution on the bottom of the delta planform along three spani-

wise lines. The data shows some scatter but no spanwise variation in press-

ure distribution at this condition. The effect of increasing jet pressure
ratio on bottom pressures is shown in Figures 113 through 119. These

figures all show that the centerline has the most separation but that the
separated region spreads rapidly on the surface and the edge is separated
less than l aft of the centerline. These figures also show little span-
wise variation in plateau pressure and the pressure peak, which occurs on
the end of the elevon on the centerline, never spreads to the other span-
wise locations. Figure 58 presents oil flow pictures of the bottom surface
separation which is directly comparable to Figures 114, 116, and 119.

(C) 3.3.2 BOTTOM PRESSURE DISTRIBUTIONS AT MACH 8. Figures 120 through 124
present typical bottom pressure results obtained at Mach 8 and zero angle of

attack with increasing plume jet pressure ratio. Ihe results are similar to
those obtained at Mach 10.

(c)3.3.3 BOTTOM PRESSURE DISTRIBUTIONS AT MACH 6. Figures 125 through 130 show
typical results at Mach 6 with increasing jet pressure ratio which are very
much like the results at the other Mach numbers. Figure 131 presents a com-
parison of centerline separation with that at the Y/L = .1 location. This
data shows that there is no Mach number effect in the spanwise variation and
since the data was taken for a number of different jet pressure ratios there
appears to be no plume size effect other than that which determines center-

line separation location. The flat plate data indicated that the spanwise
pressure distribution caused by plume induced separation depended only on
the centerline distributia and it appears that a similar result has been
shown for the bottom of the delta configuration. The curve faired through
the data has been extrapolated to the nose and to the end of the vehicle.

(C)" Figure 132 presents an attempt to approximate the spanwise variation
in separation location as a straight line which is swept at some angle to

the stream and Figure 132 plots sweep angle as a function of centerline separa-
tion location and free-stream Mach number. This straight line representation
was chosen based on the oil flow data (Figures 58, 66, 68, 74 and 75) and the

data shown on Figure 132 was computed from the spanwise data of Figure 131.
The ciu-ve shown on Figure 132 was computed based on the faired curve on

FiEure i31 and can be used as a first approximation prediction method for

the spanwise variation of separation on other configurations if the separation
on the centerline is known.
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3.4 UPPER SUlFACE PRESSURE DISThIUIOR

(c) Fifty prezzux-c tap; wer located in the upper surface of the delta config-
uration and in the fin as shown in Figure 13. These taps were divided along
four lengthwise lines on the body and one lengthwise line on the fin. Figure
12 shows that one set of taps was located on the top centerline of the body
up to the base of the vertical fin. One set of taps was located at 450 off
the top centerline through model station 12.73,which is the location of the
maxiuw cross section of the vehicle and aft of this point the vehicle narrows
down into a vertical fin section and sloping upper deck. This set of taps r
was located at a constant height (MWL 2.62) after station 12.73 in this ex-
pansion surface region. The third set of taps was located on the side of
the vehicle along the centerline of the top radius (900 off top centerline)
through model station 12.73 and aft of this station this line of taps was
continued at the mid-point of the rear expansion deck. The fourth line of
taps was located on the side of the vehicle at a constant height above the
base (MWL .665). This set of taps carried onto the aft expansion surface
until the leading edge radius of the compression sharing surface reached water-
line .665 and the last two taps are on this leading edge. The fin tap set
includes one leading edge tap and five side taps located in a line at constant
height above the base of the model (model water line 4.08). The division of
pressure taps is that 29 were located ahead of the upper surface expansion
corner and 15 aft of the expansion corner. None were located on the upper
surfa e elevons.

(C) 3..1. UPPER SURFACE PRESSURES AT MACH 10. Figure 133 presents the upperI

surface and fin pressure distributions as a function of angle of attack
without a plue. The end of the top centerline taps (X/L - .636) is the
location of the maximum thickness and the start of the expansion corner. The
leadixg edge tap of the fin is located at an X/L of .757. This set of data
shows that although the entire front surface is shielded from the flow at
angles of attack greater than 10 degrees that positive pressures persist at
higher angles and that the lower the location on the upper surface the higher
this pressure tends to be. Aft of the expansion corner the pressures are at
or below ambient (P/Pu = 1) above 100 angle of attack except near the edge
of the lower surface (MWL = .66). The modified fin is fairly blunt and shows
the effect of nose bluntness at low angles of attack but is completely
separated at angles of attack above 10 . Figure 134 shows that the Reynolds
number variation tested at Mach 10 caused little variation in upper surface
pressures except near the nose of the model. The effect of Thcreasing Jet
pressure ratio at zero angle of attack is shown in Figure 135a and 135b.
These data show that the plume does cause separation but this separation
never progresses very far ahead of the expansion corner. Thus the lower
surface (Fiures 57 and 119) is experiencing much more separation than the
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upper ourface and which is probably due to the larger angle that this surface
(approximately 80) presents to the airstream than that for the front ramp (30)
of the lower surface. Figures 136a and 136b present a top view and a side
view of oil flow visualizations of the delta fir corncitions similar to Figurei35
to show the extent of the separated region. These photographs indicate that
the separation region is limited to the expansion surface of the model. There
is a streak on the side of the model at the highc=r jet pressure ratios which
has 'een interpreted (referenet 11 ) as a snail separated region which extends
far forward of the expansion corner but this is not confirmed by the pressure
data and is not believed to be any separation. The effect of increasing angle
of attack in plume induced separation iL shown in Figures 137 through 141
at angles of attack from 2.5 degrees throu h 20 degrees. Increasing angle
of attack causes the separation point to move forward on the upper surface
with the top centerline showing the most separatian and the taps closest to
the bottom edge the least separation. Figure 142 shows that it still takes
a large plume (high P./P, ) to affect the surface pressures ahead of the
expansion corner evenat 20 degrees angle of attack, While Figures 59 through
64 show the rapid collapse of the separated area on the lower surface
Figure 142 shows that the area affected by the plume grows larger on the
upper surface at high jet pressure ratios. The plateau pressure in the affected
area is constant on all rays and on the fin and appears to decrease with
increasing angle of attack for the lower jet pressure ratios as is shown in
Figure 143. The higher jet pressure ratio curves show an increase in plateau
pressure at the higher angle of attack. Only one data point was taken at
the 26.5 degree angle of attack and this point was at too low a pressure ratio
to confirm this trend of increasing plateau pressure.

(c) 3.4.2 UPPFR SURFACE PRESSURES AT MACH 8. Figures 144 and 145 show the effect
of angle -of attack and Reynolds number respectively on the upper surface
pressures at Mach 8 without an exhaust plume. These effects are much the
same as those seen at Mach 10 in Figures 133 and 134.

(C) The effect of jet pressure ratios to 32000 at angles of attack from 0 to
15 degrees are shown in Figures 146 through 149. The jet pressure ratio was
limited in this test series by supply pressure limitations and the higher
ambient pressure of the tunnel . The aale of attack was limited to 150
to use a sting installation to give good Schlieren coverage of the plume.
Very little separation was achieved ahead of the expansion corner and neither
angle of attack or jet pressure ratio were high enough to verify the hook in the
plateau pressure curve seen at Mach 10 (Figur, 143).
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(C) 3.4.3 UPPER SURFACE PRESSURES AT MACH 6. Figures 150 through 153 present
typial reau!ta of upper surfacc pressures with and without plumes at angles

of attack from 0 to 150. The same limitations were imposed here as at Much
8 and essentially the same results are seen.

(C) Figure 154 presents a comparison of upper and lower surface plateau pressure
coefficients at zero angle of attack and this curve shows that there appears
to be a linear relationship between the upper and lower pluteau pressures
where the upper plateau pressure tends to be slightly higher than the lower.
There also appears to be no MIach number effect in this data. Figure 155
shows how the upper surface separation never moves ahead of the expansion
corner while the lower surface separation moves ahead on the model at zero
angle of attack. The effect of angle of attack on plateau pressure was in-
dicated in Figure 143 at Mach 10 and Figure 156 presents data for all three
Mach numbers in terms of the plateau pressure coefficient at that angle of
attack ratioed to the plateau pressure coefficient at zero angle of attack.
There is a fair amount of scatter but no significant Mach number effect and
the trend is consistent of reducing plateau pressure with increasing angle
of attack except for the one value obtained at 20 degrees for the highest
jet pressure ratio at ach 10, which showed an increase in plateau pressure.
Figure 157 shows that while no consistent trend could be found in the upper
surface sleparation location as a function of angle of attack or Mach; it
appears that a jet pressure ratio of about 20000for nozzle 6 was sufficient
to move the separation location ahead of the expansion corner and at higher
angles of attack essentially all of the upper surface saw plume effects when
this pressure ratio was exceeded.

N
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3.5 BA-0 P ZRU, E DATA

kc) Four prvare taps were iiicated in the b-se of tho model as shown in Figure
14. Figure 158 presents average base pressure results at zero angle of
attack,as a function of jet pressure ratio for nozzle 6 ,which shows that
the base pres5ure initially zhors a large increase with increasing jet
pressure ratio but the b . se pressure becomes much less sensitive to pre3sure
ratio as it continues to 'ncrease. Figure 159 shows a linear relationship
between plateau pressure and base pressure for all nozzles at zero angle of
attack implying that one depends on the other. Figure 160 shows the effect
of angle of attack on base pressures at three jet pressure ratios for nozzle

6 at Mach 10. The base piessures apparently decline with increasing angle
of attack but then appear to rise agair which is similar to the type of
behavior seen in the upper surface plateau pressure.Th. base pressure may be
related to upper surface plateau pressure at higher angles of attack.

3.6 SUM iAY OF DELTA CONFIGLUATION PRESSURE RE,.;ULTS

C) The delta configuration showed that it had much more separation than the
flat plate for a given nozzle, nozzle flow parameters, and tunnel condition.
This plume induced separation on the bottom surface was very sensitive to:

a) angle of attack
b exhaust jet pressure ratio
c) nozzle expansion ratio

d) nozzle exit angle
e) plume gas
f) plume gas temperature
g) Reynolds number

The plume induced separation was relatively insensitive to:

a) Mach number
b) nozzle longitudinal position
c) control deflection at low angles of attack

(C) Plateau pressi - coefficients appear to be independent of test Mach number
and correlate very well when compared by common separation location regardless
of the nozzle causing the separation suggesting a result similar to that of
compression corner separation where plateau pressure is related only to
conditions at the separation point.

(c) The upper surface expansion corner strongly affected the separation of the
upper surface and fixed the separation point except at high angles of attack
and high jet pressure ratios where most of the surface was affected. The
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upper aurface plateau pre.;ure at ze.ro ang;le of attack was slightly higher
the,, but definitely related to ±ov--r sUrface plateau presauru. Upper
surface plateau pressure decreased with angle of attack except at high
angec of attack nd high jet pressure ratio where it tended to return to the
zero angle of attack value.

3,7 OIL E OW DATA

(C) Fifty-ignt (53) oil flow runL were made with the flat plate model or the
delta model at Mach 10. These runs were made primarily for flow visualization
on the bottom surface of both configurations although a few photographs were

obtained of upper surface flow on the delta configuration. The technique used
consisted of spraying the model with zyglo penetrating oil and lighting the
model with ultra-violet lights after injecting it into the tunnel. The gyglo
oil glows under the ultra-violet light which allows the surface flow pattern
to be observed and photographed. Representative oil flow visualization
photographs have been presented with the flat plate and delta planform
pressure data and will not be repeated here. This data was reduced to obtain
flow separation location and Figures 161 and 162 present comparisons of
centerline separation location as measured from the oil flow to that obtained
from the pressure data. The point used in the pressure data was at the start
of the pressure disturbance and these figures show that this point is about
5% of the vehicle length ahead of separation point measured on the oil flow
pictures for the flat plate, and about 10% for the delta configuration.
Figure 163 presents a comparison of the sweep angle of the spanwise separation
line from the oil-flows with that taken from the pressure data of Figure 132.
The data is displaced from the curve by the difference shown in Figure 162, but
the trend appears to be much the same except for the scatter for the cases
of least separation.

3.8 SCLIEREN DATA
(C) Schlieren photographs were taken during each preasure test run and a number

of runs were repeated at the end of the test in order to try to get better
flow visualization of the plume boundary and separated region. Schlieren
photographs were the only means available for obtaining plume geometry and
Figure 164 presents a schematic of the plume and separation region,and the
measurements which were made on the Schlieren photographs. It was extremely
difficult to see the plume and separation region in most photographs and the
net result was a large amount of scatter in the data obtained. This figure
shows the model in an inverted position since that is the way the test
program was run and the way the typical test results are presented.

(C) Figure 165 presents a set of Schlieren photographs which show the relative
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size of the pluna tu thu wvdtl b;A t ,ch I' 1 n.J.how how th,' pIumz
increasu. in zize with incr aeinej exit Jet pressure ratio for the sonic
nozzt-, it qppear= that thu plume Mu._ "trlt the rear ed e of
the lower surface Lwvon at the higher exit prussure ratios. The effect
of positive anele of attack in reducin the plume size on the windward side
of thu vehicle is showu IL Fieurc 166. Thc zhock d envz to separation .b

oly visible at low :u lei of attack and the boundary layer becomes more vis-
ible as anle of attck izA -. s. Fiav 167 shows a comparison of Plumes at
mach 6, 8, and 10 for a common nozzle flow condition which shows very little
.ach number effect on plume size or shape.

(C) The effect of nozzle size is shown in Figure 168 for zero angle of attack at
.4ach 5.96. Nozzle 1 has half the mass flow of nozzle 6 and this is
reflected in the smaller plume for that nozzle. Figure 169 presents a
comparison of plumes for the three different gases used in this study. The
carbon dioxide plume is noticeably larger than that of air while the Argon
plume is the smallest. The effect of nozzle exit angle is shown in Figure
170 which shows that increasing exit angle increases plume size close to the
model. Figure 171 shows that moving the nozzle aft does not change plume
size appreciably but moving the nozzle vertically away from the surface
(position 4) does reduce the plume size which is visible to that surface
considerably.

(C) Figares 172 and 173 show representative data for plume initial radius and
flow separaticn angle which were derived from the film data. T"kne scatter in
the data is appreciable, partly the result of scaling the data from the film
but also in large measure due to the poor definition of the separated flow
on the film. These data show no Mach number effect and the sensitivity to jet
pressure ratio as a parameter is low. The data was mostly taken at zero
angle of attack and was read for the bottom surface of the configuration.

3.9 FLOW SURVEY DATA

(c) The six probe pitot rake which was used to perform these flow surveys is shown
on Figure 15. This probe was used to obtain 24 flow surveys of the flow on
the bottom surface of the delta configuration at Mach 10 and zero angle of
attack with and without an exhaust plume and also behind the delta configura-
tion with a plume. The probe data was reduce& at A.EDC and reference 11
presents more details of the data reduction procedure used to convert the
probe output into velocity, temperature, and pressure profiles. The main
assumption in the data reduction is the use of static pressure measured on
the mcdel surface as the static press-are throughout the survey. The probe
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flt: data which wil. be presented is p-lotted as a function of distance
from the surface.

(C) Figure 174&a to 174 c presents the velocity and temperature profiles at three
stationes on the centerline of the vehicle at zero angle of attack without
an exhaust plume. These three stations are located aft of the lower surface
expansion corner and the last station (X/L = 1.084) is at the trailing edge
of the lower surface elevon or right at the end of the body and at the exit
plane of the nozzle in position 1. This data shows a boundary layer approxi-
mately 1.1 inches thick over this rear surface. Figure 175 a through 175 g
show the flow field on and behind the body with an exhaust plume. Two
stations ahead of the expansion corner are shown in Figures 175 a and 175 b
and these stations show no separation region although Figure 57 shows the
plume induced pressure rise to start at an X/L = .42. The plateau pressure
region on Figure 57 is reached at about .7 of the length back and Figure 175 c
shows a separated region forming. The separated region appears to be 1.25
inches deep at the end of the body (Figure 175 d). Aft of the body (Figures
175 e through 175 g) the zero value of z still corresponds to model water
line zero so that these surveys are limited to the portion of the plume seen
by the lower surface. The Schlieren data indicated that the separated boundary
layer intersected the plume at an X/L of 1.12 so that Figures 175 e and
175 f should contain separated flow region data outside the plume. This is
believed to be shown on Figure 175 e by the hook in the curve at about 1.25
inches but is not seen in Figures 175f and 1 75g. Figures 175f and 175g are
surveys aft of flow reattachment to the plume.

(C) Figure 176 presents the velocity ratio data for the same nozzle at one-half
the jet pressure ratio of that in Figure 175 and which shows the same trends
as indicated in Figure 175 except that the separated layer is slightly
thinner in Figure 176. Figure 177 presents the velocity profiles at 5
stations (3 on the vehicle and 2 aft) with the expansion ratio 2.25 nozzle
used to create the plume. Comparing this data to the sonic nozzle data
of Figure 176, Figure 178 shows that the separation has occurred earlier
for nozzle 2 (Figure 178 a) but that the separated layer is thinner at the
reer of the vehicle (Figure 178 b). Both nozzles were supplied with gas at
the same supply temperature and because of the higher expansion the ambient
temperature at the nozzle exit for nozzle 2 is much colder than for nozzle 1
(on the order of half) and this colder gas can be seen in the data at all
st .tions. The velocity in the plume (Figure 178 c) is lower because of this
temperature difference.

(C) 3.9.1 FLOW SURVEYS WITH DISC. An attempt was made during the flow field
survey runs to size a solid plate disc to represent the plume and to gather

39

CONFIDENTIAL



CONFIDENTIAL

flow field survey and centerline pressure data to compare with the plume data
Lo see how well this disc could represent a plume. Two discs were sized and
located based on measurements made on Schlieren photographs. The discs were
circular in shape and the smaller was 3.7 inches in diameter located at
model station 22.32 while the larger was 5.3 inches in diameter and was
located at model station 22.94. Figure 179 presents an oil flow comparison
between the larger disc and a nozzle 1 plume with a jet pressure ratio of
17000 which shows the separation shapes to be similar although the disc appears
to induce slightly mor.. separation. Figure 180 shows that smaller disc
appears to cause a slightly deeper separated area than the larger disc but
not quite as deep as the plume induced separation case. However, wben we
compare centerline pressure distributions for the disc with that of plume
induced separation we see that the data for the larger disc correlates
well with the nozzle 6 data at a jet pressure ratio of 17000 (Figure 181)
while the smaller disc (Figure 182) shows very little separation and would

correlate with a plume of jet pressure ratio less than 4000. The discs
were sized for the jet pressure ratio of 17000 cases where the smaller
disc was sized by the diameter of the plume were the boundary laye inter-
sected the plume and the larger by the separation shock intersection.

Evidently if that point could be predicted a disc could possibly be used to
represent the plume.

I.

40

CONFIDENTIAL



CONFIDENTIAL

SECTION 4

DATA AI ALYS 2

(C) The general aWroach (reference 10 ),which has usually been taken for the
problem of predicting plume induced separatiow has been to assume that the
control indAced separation data defining the relationship between separation
point and plateau pressure is valid for the plume problem. Thus a separation
point is assumed, a plateau pressure coefficient is comduted and is used to
aefine the plume boundary. A criteria for defining re-attachment of the
separated flow on the plume is established and then the problem can be iterated
assuming separation points and finding reattachment points until the separation
wedge geometry is satisfied.

(C) Figure 57 presents typical pressure profiles through the plume induced
separate" Iregion showing pressure profiles which are similar to those
berved for control induced separation although the pressure continues to

rise throughout the separated region and can have a peak on the end of the
surface. The shape of the distribution tends to be similar to that expected

for a turbulent type compression corner separation rather than that for the
laminar case.

(C) The approach which has been utilized in the analysis of this data was to try
first to determine the parameters necessary to correlate plume shape and based
on this to try to define the relationship of the separation parameters to the
plume shape. Thus the analysis section will be divided into the following
subsections:

4.1 Plume Shape Analysis
4.2 Separation Point Analysis
4.3 Plateau and Base Pressures Analysis
4.4 Recommended Method.

4.1 PLUME SHAPE

(C) Two pieces of information were available and read. from the Scblieren photographs

which are related to plume shape. They are initial turning angle of the plume
and plume initial radius. These are the only data which can be used to define
plume shape i the photographs since the region of flow reattachment to the

plume completely changes the shape thereafter. Assuming Latvala's model
(reference 3) these are sufficient to define the plume contour close to
the body.

(a) 4.1.1 INITIAL TURNING ANGLE. Figure 183 presents the data for the plume
initial turning angle for the sonic nozzles (nozzles 1 and 6) compared to the
Prandtl-Meyer turning angle for the pressure ratio at the exit. The ratio of
exit pressure to measured bEse pressure was used because the base pressure is
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the most representative external pressure at the nozzle exit. The data shows
a fair amount of scatter indicating the difficulty of making the measurement,
however, there is no apparent Mach number effect and no angles over 90 degrees
were measured although the jet pressure ratios should cause flow into the
base at angles greater than 90°0according to the Prandtl-Meyer turning angle

limit. Thedata available on the 3 nozzles with an expansion ratio of 2.25
and different exit angles is much more sparse but is presented in Figure 184.
The initial expansion angle was measured with respect to the nozzle centerline
and so the exit angle of the nozzle must be added to the Prandtly-Meyer
turning angle. The data for the 7.50 and j50 nozzles is fairly close to the
predicted turning angle, however, the 300 data is within the scatter of the
other two nozzles. Considering the scatter of the data and the poor compari-
son with the predicted turning angle of Figures 183 and 184 this data does
not appear useful in developing improved plume boundary predictions. The data
did show, however, no turning angles greater than 900 and this fact was used
ii: the radius computation.

4.1.2 PLUME INITIAL RADIUS. The initial radius of e plume is dependent only
on jet exit Mach number in the Latvala model and it is the initial turning angle
which depends on jet pressure ratio. The plume size as seen in the Schlieren
photographs strongly depended on jet pressure ratio and with no consistent trend
seen in the initial turning angle, the Latvala model initial radius did not agree
with the test results. The Lockheed 5 point method (reference 10) was then used
to define the plume boundary which was fitted with a hyperbolic curve so that the
initial radius could be computed. The curve fit was then used to evaluate the
plume diameter at two points close to the nozzle (arbitrary chosen as one and two
nozzle exit radii away from the nozzle) and the radius of the curve which fit
through these three points (x = 0, x = r , x = 2r ) was computed as the initial
plume radius. e e

The Lockheed 5 point model is given as:

f._ A P" (1 + t 41/4(.1 - sin N)-' (1)

X -.563(2
max - 1.076 f- (2)

re

f= Xa X A )1t/) (1 + "/.0 M2) 18(1l-sin) j (3)
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mx= 0.65 f *91

re 2 ()

at x =1/4 r 0.686 (r'mx)o.963atx-1/ max  r - (5)
e e

at x = 1/2 x r = 0.871 (rma) ° 992 (6)
ma r r

e e

at x =3/4 x r -0.969 rmax (7)
- r re e

where AwA = nozzle expansion ratioA*

@N = nozzle exit o.fle

P = nozzle chamber pressure

POO = ambient pressure at exit

M-o = free stream Mach number

To0 = specific heat ratio

(C) This method was derived in reference 10 for an exhaust gas specific heat
ratio of 1.38 and zero angle of attack.

(C) The hyperbolic curve -fit (KABD) which was fitted through four points (x =0

nozzle exit, x- 1/ x m x 1 /2 Xmax x = 3/4 x ) is given by the
equation

AK +B +DX (8)

where K, A, B, and D were determined by the four points. This curve has no
maximum or minimum values nor does it have any points of inflection in the
range where it is fitted thus the local slope at the nozzle exit can never
exceed 90o at the nozzle exit but then Figures 183 and 184 indicate that it

never does. A number of the plume contours were also fitted with a curve
of the form (ParaboJ c)

r=A x +B x +C (9)
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and the initial radius computed from this fit was found to agree with the
KABD fit. Higher order curves were not tried because it was felt that the
maximum curvature was betweenthe nozzl- '-nd the first plume contour point
and without additional points to fit in this area nothing could be gained
by higher order fits.

(c) Figures 185 and 186 presents a comparison of initial radius as measured from the
Schlieren pictures compared with the initial radius using equations I through
8 with the data pre ented by Mach and nozzle.

(C) The data shows that there is a considerable amount of scatter in the measured
radius but no radius exceeded 10 inches while the computed radius based
on P / F exceeded 30 inches for the sonic orfice (nozzle 6) at the higher
jet dtal pressures. The scatter in the data is apparently caused by the
large radius resulting from increasing jet total pressure ratio. All Mach
numbers are includ? I in this comparison but this is not the prime cause of
the scatter. Sinioe we are interested in the contour in the region of plume
induced separation in which pressures are higher than ambient it was expected
that this computation would result in large scatter and that a better repre-
sentation of plume shape would be obtained if the pressure in the separated
region were used in the jet pressure ratio term of equation 1. Analytic
methods have generally assumed that plateau pressure in the separation region
determined the base pressure and is a function of Mach and Reynolds number at
separation so that it is reasonable to assume that the pressure ratio should
be jet total pressure divided by plateau pressure. Figure 187 presents the
..omparison of radii based on plateau pressure, which shows a large reduc-
tion in computed initial radius compared to Figure 186 but the computed radii
at the _igher-otal -pressures still indicate thatA-he pressure ratio term
or some other parameter related to pressure ratio is too strong in the pre-
diction equation. The expansion ratio 2.25 and 10 data shows too large a
computed radius but this was attributed to the relatively large values of
total pressure ratio tested with these nozzles. It appears that the problem
is that the pressure ratio term in equation 1 is too strong and a pressure
ratio factor can be derived to reduce this effect. Equation 1 was modified to
Decome: s -(

q = "B 2> (I + .o-_ A* P (1

and the constant (1,o76) in equation 2 was increased to 1.6 and the effect
of exhaust gas specific heat has been introduced through the factor on jet
pressure ratio. Figure 188a presents the results of these changes. The
constant of equation 2 was changed based on an unpublished check of equations
1-7 made at General Dynamics on plume data obtained in flight test. Figure 18 8 a
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shows that the data is now grouped around the correlating line although there
is still a large amount of scatter. Figures 188b and c show that this remaining
scatter has no apparent Mach number or Reynolds number trends. Figures 188d
through f also show no consistent trends for exhaust gas, model geometry, or
nozzle location.

(C) The data was checked to try and reduce reading error and also fr any further
parameters which showed large variation and which had not been taken into account
by the plume model. It was found that although the gas suply temperature
had been controlled there was significant variation in si.pply temperature between
data runs. A temperature correction was incorporated into equation 10 based
on the ratio of nozzle total temperature to free-.tream total temperature:P .52 4-

be to the sa e po e a di oY1/ ( I sin 9& a d t m p r t r

and the results are shown in Figure 189. Comparing Figure 189a to Figure 188a
shows that a reduction in the scatter had been achieved but not the desired
amount and Figure 189b shows that this reduction in scatter occurred mostly
in the Mach 8 and 10 data. A number of other temperature relationships were
tried withou. results until it was decided that the pressure and temperature

should be to the same power and that nozzle exit static temperature ratioed to
ambient should be the best temperature ratio and equation l) was modified

t:f= L j(I + T. 12)/4 (1 - sin 0N -  (12)

(C) Figure 190 showed that this relationship causes the sonic nozzle computed

ratios tL be_ too_ -ompared o the -measured value, which can be adjusted
in the constants of equations 2 or 4, and makes the scatter in the sonic.

data appear to be fairly small primarily due to the small values of
computed radius. The data exhibits a strong trend based on expansion ratio
which was not seen previously and which was caused by temperature effects
masking the expansion ratio effect.

(c) 3oth equations I and 3 contain expansion ratio as a factor~however they act

in opposite ways; expansion ratio in equation 1 acts to reduce xmax and

hence fmax while that in equation 3 acts to increase rmax . The desired effect

is to reduce ,. and necessarily x to keep the initial turning angle large

thus equation TLxwas modified by muiplying by expansion ratio. Because temper-
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ature is a linear factor it is expected that the exhaust gas specific heat
belongs in the equations with the temperature ratio. These changes did not
eliminate the differences caused by freestream Mach number,which is a weak
term in equations I and 3,but apparently is causing a difference in tir
computed radius that is not seen in the measured radius or any other separation
terms. Therefore the Mach dependent terms were eliminated in equations 12 and
3 and equation 12 becomes:

fl EL -JL ' (- sin ) - ( )
1 PA o=A (13)

while equation 3 becomes:

f2 Xiax A ) - sin N (14)

Sre

(C) The constants of equations 3 and 4 were modified to account for these changes
and the results are shown in Figure 191. The scatter is still large but is
much improved over the original comparison of Figure 187. The remaining
scatter is due in large part to the reading error in measuring plume radius
from Schlieren photographs, however, it is also partly due to the scatter in
the measured plateau pressure which is used in the plume computation. The
KABD curve fitting technique and method of computing initial radius for the
plume computation also must add some scatter and the initial turning angles
computed from the curve fit tended to be about 10 degrees low compared to the
test data. Selection of another equation to fit the data which results in
closer agreement on initial turning angle may improve the correlation,
however, it is believed that the major parameters have been identified and
accounted for through the techniques described in this section.

(C) In summary, the Lockheed 5 point plume model has been modified to predict a
Pseudo plume shape which provides a better measure of plume induced separa-
tion interactions. The revised parts of model are:

f _iM (1 - sin ) IA (15)
"oJ

x -.563
max = .758 f- (16)
r e
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f ax A (1-sin (17)
* re L\*/

rmax .91
r= .65 .91 (i8)

r .6 2

and equations 5 to 7 remain unchanged.

(C) This model cannot be expected to match plume contours far from the nozzle
nor for plumes where no plume induced separation has occurred and much work
needs to be done to obtain plume contour data in regions of plume induced
separation so that better models can be generated.

4.2 SEPARATION LENGTH ANALYSIS

(C) Figure 192a presents a sketch from reference 14, of compression corner induced
separation and the various parameters used to define it. Laminar flow
compression corner induced separation is generally characterized by a pressure
rise to a plateau on the surface ahead of the corner which is carried onto
the flap,where in the course of the flow re-attaching to the surface, the
pressure rises to another plateau on the flap. The distance from the leading
edge of the surface to the start of the pressure rise is defined interaction
distance (X ) and this point measured forward from the hinge line has been
called up-stream interaction length (d). The distance from the start of
interaction to the plateau pressure haf been defined as free-interaction
length (dQ). These along with plateau pressure are the separation parameters
which we will deal with in this analysis, Figure 192b. The reference point
for measuring upstream interaction length has been defined as the plane of
the nozzle -exit. -The down stream parameters are dependent on the plume and
cannot be measured directly except that the re-attachement point was scaled
from the Schlieren pictures.

(C) 4.2.1 UPSTREAM INTERACTION LENGTH AT ZERO ANGLE OF ATTACK. Figure 193
presents a compilation of upstream interaction length data, for the delta
configuration at zero angle of attack,plotted against jet total pressure
ratio. Total pressure ratio is used since it was found to be a better
parameter than exit static pressure and since total pressure is the parameter
used in the plume conputation equation 15. This curve briefly shows that there
is a distinct effect of nozzle size, nozzle expansion ratio, and nozzle
exit angle. The data for Mach 6, 8, and 10 are presented in this plot and
this causes some scatter in the nozzle 6 data but free stream Mach appears to
be a very weak parameter which was also shown in Figure 103. Plume induced
separation appears to be very similar in general characteristics to that of
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of control induced separation so that some comparisons with control induced
separation parameters are in order. Thus Figure 194 presents a comparison
of the parameter f(d,) for the delta configuration versus plateau pressure

ratio with curves from reference 14 . The pareas.ter (d,/ 6 L) is the
upstream interaction length ratioed by the lai1 'boundary layer thickness at
the interaction point which was defined from reference 14 as:

L 5.2x (19)

I a x

where

ST (20)

x x

and

-* .28 + .5 w + .22 T w  (21)
Ta Ta Ta

2 % (1 +0.2 M42)1
(Re/X) a c I~ l+0. 2Mte 2  M 1 + 02V2W+ 198.6 (2

_ _eX) Po 18

1? (6 + 5 -a__ (23)

Subscript o defines local conditions at a point on the body accounting for
angle of attack effects.
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(C) The data on Figure 194 shows a large spread by Mach number which is primarily
caused by the use of the plateau pressure ratio. Figure 104 showed the
differences in plateau pressure ratio which were accounted for by using
plateau pressure coefficient (Figure 105). The control incnuced is perhaps
more similar to turbulent control separation since it does not show the long
plateau of pressure as the laminar case, thus turbulent boundary layer
thickness was defined (reference 14)

0.154 X0.15 x

ax) (7*(24)

and the turbulent separation correlation (reference 14 ) was attempted as
shown in Figure 195. The data shows a smaller spread from Mach number effects
because the ordinate contains local Mach however, neither figures 194 or 195
show much agreement between the plume induced separation and control separa-
tion it is presumed because the plume represents a curved mixing boundary
which injects mass into the separation region.

(C) Figure 193 showed that the primary parameters acting on upstream interaction
length were:

a) exhaust pressure ratio
b) nozzle size
c nozzle expansion ratio

nozzle exit angle.

(C) These parameters are all accounted for in the plume shape equations and
since it would be very desireable to be able to correlate upstream interaction
length with plume size; correlations were made with a number of plume para-
meters such as exposed plume height, plume initial radius, plume maximum
radius and plume initial turning angle.

(C) Figure 196 presents a correlation of upstream interaction length ratioed by
laminar boundary layer thickness at separation from equation 19 plotted as
a function of plume maximum diameter from equations 15 to 18. The scatter
is due in part to the magnifying of separation location error involved by
ratioing to boundary layer thickness and also to the scatter in plateau
pressure being incorporated into the plume diameter computation. A tentative
line has been faired through the data and its equation is
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1.8
a,75 (max M;C)

TLb b (25)

where d w upstream interaction length

6 L a laminar boundary layer thickness at d

D = Pseudo plume maximum diameter

b a span

an = distance from nozzle centerllne to surface

(C) The term Zn has been included because the data indicates that there is no
separation where the plume is not visible to the flow along the surface. The
upstream interaction length is measured forward from the plane of the nozzle
exit so that nozzle axial location is accounted for in this manner.

(C) Figure 197 presents another correlation of upstream interaction length which
shows as good a correlation as the preceeding figure. This figure presents
interaction length directly as p function of plume maxumxm diameter for a
unit Reynolds number of .5 x 1O0/ft. The data at other Reynolds number
(Figure 198) indicates that there is a Reynolds number effect which decreases
interaction length with increasing unit Reynolds number. A curve has been
fitted through this data and is given by the equation:

. 6 56 xl0 3(Dmax 2 (26)
L b b

L = vehicle length

Re/X = unit Reynolds number (ft) -l

where the definition of other terms is the same as equation 25. The plume
diameter is non-dlmenionalized in both equations 25 and 26 by vehicle span at

the base since it was believed that this is a better parameter to use rather
than vehicle length for finite span vehicles.

(C) Vehicle length was used as the parameter for the flat plate data shown in
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Figure 199 where the data indicates nearly a straight line trend and where a curve

•.78 -.5
dl mx- Zn 7 ( R e/X) -,5(27)L

has been fitted.

(C) 4.2.2 UPSTPSAIA INTERACTION LENGTH AT PO2ITIVE ANGLE OF ATTACK. Control
separation analysis treats positive angle of attack by considering that the

pressure at the interaction point is solely determined by the local slope of the
surface relative to the stream. Thus, knowing the pressure, the other conditions
are determined and solved by extending the zero angle of attack solution. The
plateau pressure data of Section 4.4 shows that this is true and thus the
correlations were tried in which the plateau pressure term of equation 15
was corrected by

P F+p (28)

2P = Plateau pressure

P = pressure due to local slope

and Figures 200 and 201 show that approximation works fairly well because it
causes the plume to become mAch smaller as angle of attack increases which
agrees with the Schlieren results. There is a region of scatter due to the
data where no plateau exists because the upstream interaction length is less
than the free interaction length. In this case it is recommended that the
plateau pressure used be defined by

p5  dl (29)

where plateau pressure will be defined in Section 4.4.

C) 4.2.3 UPSTREAM INTERACTION LENGTH ON LEEWARD SURFACES. The data up to this
point has been all data from the bottom surface of the delta principally
because it is a flat surface without the geometric complications of the
upper surface. The preceeding section shows very well why the flow never
proceeded past the expansion corner at zero angle of attack. This is because
the local slope of the front faces of the body are at about 8 degrees to
the stream. The upper surface separation remains essentially at the expan-
sion corner until the forward faces of upper surface disappears from the
flow. The base pressure and upper surface plateau pressure were controlled
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by lower Surface separation (Figure 154). When no part of the upper surface
is at a positive local slope the plume is shielded by a considerable aount
of surface from bein-; exposed to the flow and Figure 202 presents a comparison
oe upper surface interaction data with equation 27, using an estimated height
to expose the plume to the flow. 'Me correlation iz not very good for the
case with large separation, however, the interaction location is not very
precise either because of the sparseness of pressure taps near the front end
of the vehicle. It would appear that usint a exposure height as a function
of angle of attack body thickness, and length would be a first approximation
for estimating upper surface separation location.

(C) Very little data was obtained on the flat plate at negative incidence aed as
shown in Figure 203 the data shows the separation moves forward slightly with
increasing negative angle of attack. The nose bluntness induced pressures
apparently keep it from spreading much further forward on the plate. The
only criteria which might be tried is to assume zero angle of attackj, compute
the flat plate pressures without a plume, and find the plateau pressure
resulting from this condition. Determine where the pressure at negative
incidence is equal to that a zero incidence and use that as the interaction
point along with the zero angle of attack plateau pressure.

(C) 4.2.4 FREE INTERACTION LENGTH. The first part of the pressure profile,from
the interaction point to the start of the plateau pressure regionhas been
called the free interaction length because it is generally assumed that this
region is dependent only on the local flow conditions in this regionand on
the plateau pressure and not on the mechanism which is causing the separation
to occur. The data was compared, therefore, to the free interaction length
correlations of reference 14 which were derived from control induced separation
and the results assuming a Isaminar boundary layer (equation 19) are shown-in-
Figure 204 and assuming a turbulent boundary layer (equation 24) in Figure 205.
In both cases the data indicates a scatter.primarily based on Mach number,
which is due to using the plateau pressure ratio rather than plateau pressure
coefficient as the ordinate. In neither case is the agreement very good with
the correlating line derived from the control data and it is assumed
the difference occurs because plume gases are mixed into the separation
region. It is reasonable to expect that the flow should be lamin4r for
most of the cases analyzed here so the data from Figure 204 was recorrelated
using plateau pressure coefficient as the correlating parameter and the results

are shown in Figure 206. The scatter seen in Figure 204 has largely disappeared
through the use of plateau pressure coefficient as the ordinate; the data at A

the lower end of the curve tends to have more scatter because many of these
points are taken in the region where the plateau region on the vehicle was
very short and measured values of plateau pressure and free interaction length
both become more doubtful. A correlating line was faired thxDugh the data and
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equation is:

d 4 2.33 x 1o (cP)2 
(30)6 L

where 1 = free interaction length

6L = laminar boundary layer thickness at interaction point

C = plateau pressure coefficient
P P

4.3 PLATEAU PRESSURE ANALYSIS

(C) Plateau pressure is the most important parameter to be correlated for
plume induced separation because it must be predicted before the plume
shape can be predicted (equation 15),which must be known to predict inter-
action location (equation 25),and plateau pressure is needed to predict
free interaction length (equation 30). Thus, the whole definition of the
problem depends on starting with a plateau pressure prediction. Figure l59
showed that the plateau pressure and the base pressure were definitely
related and the data was examined to determine whether base pressure
determined plateau pressure or if the reverse were true. Figure 207 pre-
sent. base pressure as a function of the ini ial turning angle of the flow
from the nozzle computed using Prandtl-Meyer rulationships end accounting
for the nozzle exit angle. The spread of the data indicates that base
pressure for a given nozzle depends on some other parameter but not on initial

turning angle. In contrast, Figure 208 presents base pressure as a function
of Reynolds numLer at the interaction rr!nt and the data shows a consistent
trend for all nozzles. Thus, thest figures indicate rather strongly that the
plateau pressure determines base pressure and not the reverse and as a conse-
quence of this it would be expected that the plateau pressure relationships
should depend more on tae parameters which influence control induced separa-
tion rather than nozzle exit parameters.

4.3.1 PLATEAU PRESSURE AT ZERO ANGLE OF ATTACK

(c) Figures 209 and 210 present comparisons of the plateau pressure data to the
laminar and turbulent boundary layer plateau pressures correlations of
reference 14 . The data shows closer agreement with the laminar relationship
(Figure 209) even though the general shapv of the pressures in the separated
region tend to be more like that of a turbulent boundary layer control separa-
tion. The primary cause of the spread in the data appears to be Mach number
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and the trend in the data at a given Mach number does not appear to agree
with the correlating line.

(C) Figure 211 presents a correlation of plateau pressure from reference 10 in
which the relationship of Figure 209 was corrected by jet pressure ratio.
The data has the same general trend as the correlating curve of reference 10
but has aL very large scatter induced primarily by the different nozzles. A
better curve fitted through this data would be

A = .271 (P J/P ).245 (31)

but would probably be valid only for sonic nozzles or low expansion nozzles.

(C) The base pressure data of Figure 208 indicated a strong relationship with the
Reynolds number at separation and the same is seen in Figure 212. The
scatter is less in this figure than in the other correlations (Figures 209

and 211) and it appears that the same relationships holds for the flat plate
data shown in Figure 213. Both Figure 212 and 213 compare well with each
other and the Reynolds number used for comparison in each is the free-stream
Reynolds number. The data are presented together in Figure 214 which contains
data at all 3 Mach nmbers and all Reynolds numbers tested. An approximate
curve has been fitted through the data and its equation is:

=P '0.4 Reo* (2

where Cp plateau pressure coefficient

Re= Reynold i aber at the upstream interaction point
eo based on . ree stream conditions

(C) Figure 215 presents the data correlated using the Reynolds based on local

conditions at the interaction point based on equations 20 to 23. The data
shows the same trend as the previous figure with an increase rather than a
reduction scatter. An approximate curve has been fitted through this data
and is given as: . 6c_ 19.8 R _*(33)

:P e.,

(c) No other parameters were found to reduce the scatter in Figures 214 or 215,
however, because of the shape of the pressure curve in the separated region
did not have a true flat plateau most of the remaining scatter is believed
to be reading error.
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(C) 4.3.2 PLATEAU PRESSURE ON WINDWARD SURFACES. The rapid collapse of the
separated region with increasing angle of attack left few cases where the
upstream interaction region was longer than the free interaction region and
so few values of plateau pressure were available to correlate. Figure 216I presents the data as plateau pressure coefficient defined as

Pp .7, M2 (34)

where Pr - pressure on surface due to local slope to stream - PSI
C Pp = plateau pressure coefficient

Pl P =plateau pressure - PSI

.7hM = dynamic pressure - PSI

(C) These data compare fairly well with the data of Figure 214 and so this is
the recommended approach to use and is the basis of equation 28.
When upstream interaction length is shorter than free interaction length
no plateau occurs and it appears that the pressure at the end of the vehicle
can be approximated by computing a plateau pressure and ratioing it down by
the ratio of these lengths

CP= c (d (35)

(C) 4.3.3 PLATEAU PRESSURE ON LEEWARD SURFACES. Figure 154 demonstrated that
the plateau pressure aft of the expansion corner at zero angle of attack was
essentially that of the lower surface plateau pressure. As long as the
vehicle upper surface shields the plume (Figure 202 ), Figure 143 shows that
the plateau pressure dec2ines with increasing angle of attack, however, when
the plume becomes large enough to be exposed to the flow the plateau pressure
increases returning to near the zero angle of attack values. K first
approximation of angle of attack effects would be to use the lower surface
pressure from equations 34 or 35 to define the upper surface pressure coeffici
ent so long as the plume is hidden by the body and the zero zngle of attack
value if the plume is net hlddn by the body.

4.4 RECOMF1hDED METHOD

(c) Sections 4.1 to 4.3 give the basis of a model for plume induced separation
which can be used to predict ma niltude of the plateau pressure and the extent

55

CONFIDENTIAL 7

m m mm m m m m m m m m mm lA



CONFIDENTIAL

of the surface of a vehicle which is affected by it. This model however
requires iteration to converge to a solution and thus precludes drawing
general design charts which would be applicable to a number or configurations
over a range of flight conditions. The model is in the form of equations which
could be implemented into a computer program to provide the iterating
mechanism to allow rapid solutions of this problem. The basic elements of
the plume induced separation model are outlined below:

1. given

a) vehicle geometry
b) nozzle geometry
c) nozzle chamber and exit conditions
d) flight conditions

2. compute plume maximum diameter using Lockheed 5 point model
(equations 1 to 4) and flight conditions

3. If plume is not exposed to air stream there is no separation.

(c) 4.4.1 WIhDWARD SURFACES.

1. If plume is exposed to air stream separation may have occurred and
iteration is necessary on each surface of the vehicle.

2. On a given surface exposed to the stream assume a separation location
and compute pressure based on local slope and Reynolds number based
on free stream conditions.

3. Compute plateau pressure from equations32 and 34.

4. Compute pseudo plume maximum diameter from equations 15 to 18.

5. Compute upstream interaction length from equation 26 for a 3 ,
dimensional configuration or equation 27 for a 2 dimensional con-
figuration and interaction point from nozzle location.

6. Compute up stream interaction length from equation 30.

7. Compute new local pressure and Reynolds number for interaction point.

8. Compute new plateau pressure as in step 3.
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9. Correct plateau pressure by equation 35 if free interaction length
is longer than up stream interaction length.

10. Repeat steps 4-9 as necessary to converge.

11. Predict spanwise distribution using Figure 132

(C) 4.4.2 LEEWARD SURFACES OR SURFACES NOT EXPOSED TO STREAM.

1. Leeward surfaces require a prediction of the plume size necessary to
expose plume from vehicle geometry and angle of attack.

2. If plume is not exposed use plateau pressure coefficient of exposed
surface as plteau coefficient of surface.

3. If plume is exposed to flow and assume a separation point use zero
local slope and proceed through steps 3 to 10 in Section 4.4.1.

4. Extent of separation region for the case outlined in step 2 is to
be determined by point where surface pressure is greater than ambient

pressure.

(C) 4.4.3 METHODS TO MINIMIZE PLUME DEDUCED SEPARATION. The data indicates that
certain things can be done to minimize plume induced separation and these
include:

1. use the largest expansion ratio nozzle feasible for the design

2. use a contoured nozzle to minimize exit angle

3. mount the nozzl as far from the important surface as possible

4. increase local body slopes near base of body

5. select vropellants that result in a large specific heat ratio.
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SECTION 5

CONCLUSIONS AND RECOMMENDATIONS

(U) Tests were conducted at Mach numbers of 6, 8, and 10 on a representative
lifting body entry vehicle and a Mach number of 10 on a flat plate using
heated air and other gases to simulate rocket exhaust plumes. Extensive
flow separation resulting from the plumes was oserved on both configurations
during the test program and the most powerful parameters which affected plume
induced separation included:

1. model shape
2. angle of attack
3. Reynolds number
4. nozzle expansion ratio

5. nozzle total pressure
6. nozzle gas temperature and spe .ic heat.

(U) The least important parameter was free- .tream Mach number. The flat plate
model showed much less flow separation than the delta planform at similar test
conditions, however, serious problems in control effectiveness were indicated
on both models for the aft mounted elevon.

(u) The data did not correlate well with existing semi-empirical correlations
developed for control surface induced separation and plume shape. New
semi-empirical correlations were developed for predicting plume shape in a
region of plume induced separation and for predicting the pressure in and
the extent of the separated region. Much work, however, needs to be done on
leeward surface separation and to extend and refine these models for plume

S -shape and-separation- t -is therefore recommended that any future study
of plume induced separation be primarily experimental in nature and include
the following test parameters:

a) additional Reynolds number variation
b) multiple nozzle plumes
c) wide range of shapes particularily upper surface
d) effects of nose bluntness
e) surface temperature control
f) forced boundary layer transition
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A PPENDIX I ]
TzST CODITIO0 S

Th- t.-t conditiO for. a.112-l of the pr, s.Lure runs are specified in the follow-

i: :. t*h
4 'The confilcuration code ii the taLle is a four digit code

ABCD

whc 6' -oc eom- try

2 = flat plate Plu. extensions

3 = delt'a conf. 4

4 = delta corfiguration with upper surface elevons off

B = nozie code as specified in Table I of text

C = nozzl.i position code as shown in Figure 8 of text

D = lower elevon deflection

0'
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'5 T6 11 7.900 .16q .010 .612 "7.650
'3 '61 1 7. 90f .S6q 10.0 N, .01? a87.7'!!

'354 3Ft 7*9q9 ?*.46 -.010 .054 94.6?0
?s'574 1 7.990 2.4t8 Q.qqo e054 Qk.6"10
'56 16 11 7.990 ?.'8 R1 .010 .054 95.103it0
7157 IF, I1 7.90Q0 ?.413 10.030 .054 94.31V
758 A 411 7.qqo ?.410 .010 .05'. 94.6
350 !F11 7. 9q9 2.112 50 o0 .054. 95. 1'0

Ts1 7.0190 23114 too.030 .054 94. 2q0
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FLAT PLATE ANI) BOT ITM CENTERLINE DATA

The interaction lengths as well as the plateau pressure and separation
rressure oz. the flat plate and on bottom centerline of the delta model are
oresented in this table. The un-stream interaction length (ad) is measured
forward of the plane of the nozzle exit and is non-dimensionafized by the
reference length (L) which is 20 inches. Free interaction length (d 4 ) is
Lon-xioxiallx.ud by thu ;a= le Lth. Plateau preasu-e and separation
pressure are prese-ted as ratios to the tunnel ambient pressure. Runs for
which iiteraction length is zero indicate that values were not readnot that
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Co V. 0 
d1/JI /L PLAT ?SEP

tlt 0.0011 .00-;-~
!lilt O.~ 0.000
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N's tc? !ss i'.000 1.400 .7%* .sqa lee 1.700

1?? 0E1 ~0 0 1077.000 1..8 . 5ie6 .000 a I a* 2.200
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3'.3 '611 ?q.620 S21.900 1.0600 .?76 .155 3.000 2.300

314'. 16 11 40. i10 906.006 1.100 .1.76 .135 00000 2.100

31.5 3611 1.1c 0t ?46.000 1.1.00 .166 .t20 2.q00 2.200

If.6 3Alt 700.600 q67.000 1.4.00 046 .190 3.100 1.00O

3L47 IfI I 6qq.700 99e.000 1.1.00 .1.26 *ISO 3.550 ?.700

316A 161.1 6q9.400 q13,000 1.1.00 .'1.6 0.000 5.900 MSG5
'1s9 3611 701.300 o65.00 1.1.00 .116 Osse0 0.000 7.200

1150 361 31 7.4 i 8 50.000 t . .0a0 .726 .220 2.700 1.900

351 if,1 15 0. 6 00 4%46.001 1.1.00 1.1f. 0.000 0.000 4..100

m'; le~lt 151..900 814.000 1.1.00 .506 .11.0 2.350 1.900

1~ 611 155.600 ahq.000 1.1.00 .126 0.000 0.000 4..100

3~. 611 0.000 0.001
3S5 3411 0.000 0.000
356 'of I1 A IQ. 200 9?7.000 1.4.00 .276 8.500 0.000 1.100

3q70 '611 1..00 1005.qq! 1.4.00 0.000 0.000 0.000 0.0

317 1 .1 41A.3000 qqq.00 1.100 0.000 0.500 0.On) t.500
IS1'411~1 41..0 44Q.5010 10600 0176 0.000 0.000 1.150

31 Ic 11 41.?.00 1005.1nI 1.4.00 0.60 00000 0.000 0.100
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APPENDIX III

UJPP IR SURFACE DATA

The data presented in this table is similar to that of Appendix B with the
exception that this table presents delta configuration data measured along
the 450 off-top centerline ray, and the interaction point measured from the
nose is presented r'ather than interaction length.

Interaction
R =4 a- Deg Point (X/L) PPLAT/P.. SEP/P

104 0 .645 8.0 6.8
105 0 .7 4 3.4
106 5 .635 4 3.45
107 10 .60 2.85 2.4
108 15 .575 2.0 1.5
lo9 20 .63 1.6 1.2
ill 0 .63 5.9 4.3
112 5 .395 5.7 3.0
113 10 .20 3.8 2.4
114 15 .17 2.9 1.7
115 20 .08 3.0 2.45
116 0 .63 6.65 4.65
117 5 .29 6.0 3.0
118 1O .16 4.2 2.85

119 15 .07 3.5 2.8
120 20 .03 5.4 5.3
121 0 .695 2.8 1.9
122 2.5 .7 2.9 2.2
123 5 .7 2.8 2.4
124 10 .635 2.15 1.45
127 2.5 .70 2.3 1.8
131 0 .69 3.3 2.2
132 2.5 .70 2.3 1.8
133 5.0 .635 3.3 2.5
134 10 .635 2.45 1.85
135 15 .6o 1.8 1.4
145 0 .7 4.45 4.1
148 0 .7 3.8 3.3
151 0 .7 5.1 4.7
156 0 .7 4.0 .4
159 0 .71 4.3 3.1
163 0 .69 2.6 2.2
165 2.5 -7 3.3 2.9
166 0 .69 3.4 1.95
167 2.5 .76 --- 2.2
172 0 .63 5.2 4.3
178 0 .7 4.4 3.9
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I :t, irc tior

17) 0 .71 3.0 2.2
4i 0 .71 1.9 1.7

z42 5 .645 1.7 1.45''43 10 b35 135 1.1
244 15 .595 1 15 1.0
_'5 n .71 1.65 1.3

5 .645 1.5 1.35
250 0 .70 2.0 1.8
256 0 .63 2.0 2.0
257 5 .645 1.( 1.7
258 10 .635 1.5 1.3
265 0 .63 2.5 2.0
266 5 .60 2.2 2.0
267 10 .635 1.7 1.5
268 15 .50 1.4 1.0
269 0 .71 1.45 1.1
298 0 .72 2.4 2.0
299 5 .65 2.4 2.0
300 10 .66 1.8 1.6
301 15 .67 1,4 1.2
302 0 .72 2.2 1.6
303 5 .65 2.3 2.1
304 10 .66 1.6 1.3
305 15 67 1.25 1.0307 0 .64 3.0 2.8
342 0 .70 2.8 2.5
3.46 0 .64 3.4 2.8
347 5 .46 3.35 1.6
348 10 .20 2.4 1.65
349 15 .24 1.9 1.2
350 0 .645 3.0 2.8
351 10 .66 2.0 1.8
352 0 .67 2.4 2.1
356 0 .84 --- 1.6
3C8 0 .84 1.2
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:AP _ u !X !V

PLUME DATA

This appendix presents part of the data measured from the Schlieren

photographs of the plume and separated region. The Reattachment point

measurements are measured from an origin at the trailing edge of the

lower surfac3 elevon (X = 21.69 inches, Y = 0 inches) as shown in the

text in Pigure 164.

Initial Reattachment

Initial Turning Flow Point Separation

Radius Ang le Separation X Y Length
Run - Inches Deg. Angle Inches Inches Inches
13 3.604 76 - •44 .44-

14 3.64 78 - .36 .44 -

22 6.0 82 - .37 .75 -
28 5.0 80 - .48 .62 -
34 5.0 77 - .55 .59
4 43 4.55 80 - .44 .53 -

44 4.09 87 - .44 1.07 -

45 7.45 87 - .53 1.6 -

46 4.55 90 - .53 1.78 -

47 2.5 85 - •36 .53 -
49 5.0 86 - .36 -73 -

51 2.5 86 - .50 .80 -
54 4.55 86 - •53 .98 -
55 4.55 87 - .53 1.25 -

57 4.09 70 - .50 .57 -

60 3.18 75 - •39 .53 -

61 2.95 80 - .53 .71 -

64 2.73 82 - .62 .89 -

67 3.64 87 - .44 .80 -
69 3.64 86 - .44 .71 -
72 6.00 .86 - .36 .89 -
73 4.55 83 - 1.07 .98 -

75 3.64 83 - 1.42 .62 -

* 77 6.0 82 - 1.33 .98 -

81 7.45 85 - .41 1.33 -

82 2.05 83.5 - .53 .80 -
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,: r~ t .L.'*.. R at taAm.2nt

tlnti.l irnlnz flow _,____t ;eparation

eparat-nn X Y Length
-. !nhes Dg. Angle Incbes Inches Inches

53 3. 3 /3 - .53 1.15
35 3.18 66.5 - .98 .71 -

10) 4.55 77 5.91 .76 1.45 7.99
i1 J.00 86 7.60 1.09 2.73 14.5

116 7.45 83 8.69 1.27 3.27 17.45
121 3.18 85 6.27 1.27 1.09 7.27
120 4.0) 81 6.13 .73 .73 12.
131 4.55 80 6.84 3.05 1.45 8.4
1145 4.09 79 6.06 .91 1.82 11.27
151 5.00 82 6.66 .91 2.0 15.4
153 4.55 79 7.40 1.45 1.09 -

156 7.45 77 7.87 1.63 1.82 15.3
161 4.54 81 7.13 1.33 1.87 -
163 5.0 71 - - -

166 7.45 60 -

16 1 10.36 62 - -

169 4.09 82 6.28 1.07 1.51 14.3
172 6.0 80 7.37 1.07 2.49 15.1
178 4.54 82 6.37 1.09 1.82 15.6
179 4.Og 78.5 6.34 1.42 1.57 12.6
195 4.09 83 6.68 i.45 2.0 14.5
199 5.0 83 7.61 1.08 1.91 15.6
204 6.0 75 7.44 1.42 1.91 15.3
211 4.09 88 6.55 2.42 1.9- 17.8
218 4.54 83 5.02 1.65 1.25 -
221 4.09 82 6.26 1.31 1.74 14.4
224 4.09 77 6.55 1.13 1.57 -
227 4.55 85 7.19 1.09 2.18 12.4
23 5.0 81 - -

234 6.0 76 9.2 2.52 2.44 -
241 4.54 82 7.74 .98 1.51 13.2

245 3.41 80 7.24 .89 1.16 15.3
250 4.09 81 7.9 1.33 1.74 16.4
251 3.41 81 7.57 1.15 1.42 13.5
256 4.09 86 8.36 .89 1.69 2.6
259 3.41 78 8.o8 1.25 1.6 13.
261 3.18 77 8.04 1.51 1.60 10.1

263 5.0 85 8.79 1.09 1.87 11.4
265 4.55 85 7.65 .98 1.96 12.3
269 2.73 76 8.42 .98 1.07 6.9
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nlitiIrn. M Point Seperati on
ii"le - f paation X Y Length

Ran - Inchoij Dc. _Ale Inches Inches Inches

271i 4.55 2 5.21 1.51 .89 9.9
2... 4.09 85 ; *,I!.4 .89 10.5

278 4.09 82 7.96 1.78 1.51 10.3
280 3.18 9 7.35 2.47 1.60 11.2
282 2.73 83 7.62 .98 1.42 12.1

283 4.09 88 7.78 .89 I.60 12.5
284 3.64 82 7.97 1.16 1.37 16.5

287 5.0 38 10.24 .98 1.87 12.3
2.88 4.09 86 4.0 .71 .71 13.3
290 4.09 74 9.46 .73 .73 13.6
291 2.95 68 5.76 .98 .53 -

292 3-64 81 - .14 .36 9.2
298 3.18 79 7.94 1.25 1.6 15.5
302 4.09 76 8.63 1.34 1.51 14.6
306 3.64 65 1O.94 1.51 1.07 -

307 4.09 82 6.89 1.25 1.87 15.1
308 4.09 82 7.06 i.60 1.96 15.0
310 6.0o 76 6.69 1.96 2.13 16.35
312 4.09 79 6.31 1.87 2.4 17.24
314 3.64 83 7.76 1.24 1.51 16.09

320 7.45 84 9.51 2.58 1.87 13.15
325 6.0 79 8.8 2.31 1.69 14.24
327 4.55 76 8.16 2.04 1.87 16.51
329 4.09 80 8.60 2.76 1.96 16.5

331 5.0 75 7.64 1.07 2.13 14.22
336 4.09 70 8.15 1.42 1.24 17.06
339 4.09 80 7.76 1.24 1.78 15.47
342 5.00 82 - 1.87 2.31 14.57
344 6.0 72 - 1.78 1.78 15.64
346 7.45 85 7.53 1.16 2.4 15.47
350 5.0 86 7.66 1.24 2.13 15.i
352 4.55 80 8.27 1.27 1.67 14.4
356 2.95 76 - 1.09 1.35 5.82
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